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ABSTRACT

337720

Thls report presents the results of a study conducted
by Bell Aerosystems Company during January and February 1962,
under Contract NAS 4-174. The purpose of the study was to
establlish the characteristics and conduct a preliminary design
of a free flight lunar landing research test vehicle. A study
of basic 1ift methods 1ndicates that a vehicle using a combin-
atlion of cne turbofan Jet engine and hydrogen peroxide rockets
can provide a reasonable simulation of a manned lunar landing
and can be produced at a minimum of time and cost.

A preliminary design of a one-man research vehicle is
presented, including a description and analysis of the open
truss type structure and the propulsion, flight control, cockpit,
and electrical systems. A vehicle stability and performance
analysis is 1ncluded. A study of reliability, safety, suppert

equipment and facility requirements, wind tunnel requirements,
schedule, cost, and future growth 1s presented, AZZEE§QET-

Report No. T7161-950001 iii



BELL AEROSYSTEMS comMPANY

DIVISION OF BELL AEROSPACE CORPORATION

CONTENTS

Section Page
I INTRODUCTION . ... . .ttt ettt nnenenn, s ae . 1
A. Problems Requiring Research by Slmulatmn e 4

B. Spectrum of Simulators and Phase of Free Flight
Simulation ............... et et e e e 8
I INVESTIGATION OF BASIC LIFT METHODS ....... 10
A. Helicopter Lift by Direct Gimbal Coupling . .. ... 10
B. Helicopter with Tether-Supported Vehicle . ..... 11
C. Ducted Fan Lift Method. . ................. 12
D. Liquid-Fueled Rocket Engine . . ........... .. 12
E. Jet Engine ........ C e e e et e s et e e e e e 12
F. Selectionof Method ...........0.00 ..., 13
III CONFIGURATION ......... c e e ettt . 15
A. Evolution of Configuration . . ............... 15
B. Description....... s a e e et e e e e oo u e 20
C. DesignCriteriaandLoads...........000.... 25
D. Structural Description and Analysis .......... 33
E. Landing Gear Configuration ... .. e e e e e oo 38
F. Weight and Balance Summary............. .o 39
G. Dual and Horizontal Seating . . ......... e e 42
H. Alternate Configuration., ............. e e 44
I. Jet Engine Description . ................. . 50
v STABILITY AND CONTROL.......... e e e e e 51
A. Descriptionof ControlModes . . . . v v oo oo v v .. 51
B. Control RequirementS. ... ... e vveeveeeoen. 54
C. Description of Flight Control Systems . ....... . 62

D. Analysis of Aerodynamic Drag and Moment

: Characteristics . . . ... v vt ittt e v e evn 81
E. Analysis of Control Loops . . ......... e e e e 95
F. Analog Computer Simulation of Vehicle ........ 118
A% VEHICLE AND ENGINE PERFORMANCE.......... 136
A. Engine Performance. . ........'0vveuu... 13R
B. Vehicle Performance .............. e e T
Report No. 7161-950001 v




M A) U NP W Wn St QU U0 G o5 G OF WP oY & B e .=

BELL AEROSYSTEMS COMPANY

DIVISION OF BELL AEROSPACE CORPORATION

CONTENTS (CONT)
Section

VI ROCKETSYSTEMnoo.oobobbot'oboboococ-oc

A. System Requirements . ..........co0uovueeu..

B. Description. . . cov v v o vt vttt vt it

C. PerformanCe. . ... ..voveeeueeeeooees 0o

D. Safety AnalysiS ..o v oo v v v v vt e v oo oenoeoes ..

E. Bipropellant System ............0c00.... o

VIIL COCKPIT .. . v 0o evewunn o e e e e e e et e -
A. General ............ oo s s e e s

B. Enclosure. ......oeocceeeoeeeoos

C. DiSPlayS. o oo vt e oo oveesoncseenssanens

D. Controls. ......... e e e s s o s o e

VIII ELECTRICAL SYSTEM AND ENGINE STARTER.....
A, SystemSelection . . .......vvvii e,

X RELIABILITY ANDSAFETY .. ettt v v o v v oo nnn
A. Jet Impingement Effects . ............... ..

B. Reliability Analysis .......... ce e e oo

C. Vehicle RecoverySystems. ............ e

X AEROSPACE GROUND EQUIPMENT REQUIREMENTS .

A. Testing, Measuring and Adjusting . ...... e e e
B. Hoisting, Jacking, Lifting, and Weighing. ... .. -
C. Power Generating and Starting . .. ...........
D. Propellant Supply........ e e e e oo e e e e e e e e
E. Protective Equipment . ............. .. o e oo
F. Maintenance Equipment............... ... .
G. Transporting and Towing.......... e e s e s e e
H. Servicing Equipment. .. .. ... oo v et v veeonos
I. Communications Equipment . . ... ...........
J. Miscellaneous . . v v o o o v o vt o oo o v v v o nooen .

Report No. 7161-950001

Page

150
150
152
161
162
165

168
168
168
168
169

171
171

175
175
177
190

201
201
201
204
204
205
206
206
207
207
207



BELL AEROSYSTEMS COMPANY

DIVISION OF BELL AEROSPACE CORPORATION

CONTENTS (CONT)
Section
X1 WIND TUNNEL AND FLIGHT RESEARCH FACILITY
REQUIREMENT S . . . vttt o e vt o oo oeceeeoesese

A, Wind Tunnel Program. . . .« .o co o000 ee o e
B. Flight Research Facility and Personnel . . ... ...

X SCHEDULES . . ¢ . it et vt e covosossncensesnss
XTII COSTANALYSIS . . ..o o v e v ocovoooasoscossse
XIV FUTUREGROWTH. ... .. ¢ o ceeeeerecesocscos

A. Bipropellant Rocket System . ...............
B. Accessories for Additional Research. .........

Report No. 7161-950001

Page

208
208
209
211
215
216
216
216

219

vi



D W N &b i gy M W o &

- e g

BELL AEROSYSTEMS comMmpPAaNY

=

—
|
)

3393333

1
k= O 00~ O U b WN

L B Bl oy |
377
o

DIVISION OF BELL AEROSPACE CORPORATION

ILLUSTRATIONS

Title

Velocity and Pitch Angle During Translation. ... ....
Configuration Layout . ......................
EngineMount ........................... .
Gimbal Lock .. ... ... ... ... ... ..., .... e
Gimbal LocK . . .. . ..o it e e e e e e
System Interconnection Block Diagram ...........
Lunar Landing Impact Velocities, Vi, for Initial Descent
Heights and Throttle Retardation Rates .........
Support Leg-Truss Nomenclature . . . ............
Dual Seating Arrangement . . . . . ... ... .. ... ....
Configuration Using CJ-610 Engine . . . ...........
Configuration Using Twin CJ-610 Engines .........
Configuration with JP-4 Tanks Outside Gimbal
Assembly . . .. ... .0 e e e e e
Configuration Using Spherical JP-4 Tanks .........
Maximum Longitudinal Control Power . .. .........
Maximum Lateral Control Power ...............

Flight Control System Block Diagram ... .. .......
Location of Engine Stabilization Components. . ... ...
Jet Throttle Control Block Diagram . ............
Flight Control Electronics Block Diagram .........
Vehicle Attitude Control Loop .................
Analog to Pulse Converter Schematic ............
Engine Electronics . ... ... ... .. ... .. ... .....
Preamplifier Schematic .....................
Demodulator Schematic. .. ...................
Summing Amplifier Schematic .................
Power Supply Schematic . ....................
Total Aerodynamic Drag versus Angle of Attack and
Velocity . . . v v oot i e e e e e e e
Effect of Sideslip Angle on Total Drag . .. ....... ..
Normal Force versus Angle of Attack and Velocity .
Total Aerodynamics Moment versus Angle of Attack and
Velocity . . . .o vttt it e e e e

Report No. 7161-950001

T3A

88

vii

g



BELL AEROSYSTEMS comMmPANY

Figure
IvV-19
Iv-20
Iv-21
Iv-22
Iv-23
IvV-24
Iv-25
IV-26
Iv-27
Iv-28
Iv-29
IV-30
Iv-31
Iv-32
Iv-33
IvV-34
IV-35
IV-36
IvV-37

IV-38

-

DIVISION OF BELL AEROSPACE CORPORATION

ILLUSTRATIONS (CONT)

Title

Effects of Various Leg Angles on Total Aerodynamic

Moment . .... oo eeweoo e s e s e s e e s e e e s

Engine Aerodynamic Pitching Moments Due to Trans-

=1 () ¢
Variation of Engine Aerodynamics and Inertial -
Pitching Moments with Gimbal Location. ........
Pitch Control System .. ... ...ttt it ieenns
Impulse Bit Envelope, Motor Driven Ball Valve......
Jet Throttle Control Block Diagram .............
Jet Stabilization System Schematic ..............
Responseto 10° Step Input x-Gain Loop = 2K ft lb/deg
Rate Damping = 600 ft Ib/deg/sec . . v v v v v v v v v
Response to 10° Step y Input-Gain Loop = 2 ft 1b/deg
Rate Damping = 600 ft lb/deg/sec . . . v v v v v v v v .
Response to 100 1b ft x Torque G = 2K lb ft/deg .. ...
Response to 100 1b ft y Torque G = 2K Ib ft/deg . ... .
Analog Simulation Schematic . ............... o

Response to 10° Step x Input, G = 4K 1b ft/deg

=600 1bft/deg/SeC . . v v v vt ittt

Response to 10° Step x Input, G = 2K 1b ft/deg

=3001bft/deg/Sec . . v vt ittt et

Response to 10° Step x Input, G = 1K 1b ft/deg

=600 1bft/deg/SEC . v v v v vt v ittt

Response to 10° Step x Input, G = 2K 1b ft/deg

=1.2Klbft/deg/sec. « v v v v vt vttt et

Response to 10° Step y Input, G = 4K 1b ft/deg

=600 1bft/deg/SEC . v v v vt vttt it

Response to 10° Step y Input, G = 2K 1b ft/deg

=300 1bft/deg/SeC .« . v i i vttt e

Response to 10° Step y Input, G = 1K 1b ft/deg

=600 1bft/deg/SeC v v v vt vt b et

Response to 10° Step y Input, G = 2K 1b ft/deg

=1.2K1bft/deg/seC. « v v v v v v vttt e e nnnns

Report No. 7161-950001

Page

89

91

93

96

99
101
102
104
105
106
107
109
110
111
112
113
114
115
116

117

viii



BELL AEROSYSTEMS comPANY

A Mm N G W Bu AN AR My Gm am

DIVISION OF BELL AEROSPACE CORPORATION

ILLUSTRATIONS (CONT)

Figure Title Page
IV-39 Analog Computer Mechanization................ 126
IV-40 Pilot Evaluation of Vehicle Stability at Several Levels

of Control Power .......... e s e e et 129
IV-41 Pilot Evaluation of Vehicle Stability versus Static
Margin. ¢ o i i o vttt e eeroeeeececnconssna. 131
V-1 Thrust versus Altitude and Velocity Takeoff Power . . . 137
V-2 Thrust versus Altitude and Velocity ............. 138
V-3 Thrust versus Fuel Flow.......... e e e e e e 139
V-4 Thrustversus FUEl FIOW. . v v v v v v v v s o v e oo veeesn 140
V-5 Vertical Operation Thrust Required and Available . ... 143
V-6 Lateral Operation - Thrust Required and Thrust
Available .. .. ch it it it i et i it e 144
V-7 Engine Deflection Angle . .....cuotvvenennnnn. 145
V-8 Operating ENvelope ... v v v v v v v oo eeeeeecoeenn 146
V-9 Emergency Recovery Envelope. . . « v v v v v v v o 0o ea. 148
VI-1 Hydrogen Peroxide Rocket System Schematic ....... 154
VI-2 Hydrogen Peroxide TankK . . « v e v e v v v oo v e nevenas 156
VI-3 80-Pound Thrust Chamber. .......v. ' oeveeeeoo. 158
VI-4 500-Pound Thrust Chamber . ... .. ... o'ttt eewenooe 159
VI-5 Total Start Delay (1st Pulse) versus Propellant Feed
Temperature. . « o o v oo o v et ot e eeeoeeccesas 162A
VI-6 X-1A Roll Control Thrust Chamber 75-Pound
Throttleable .. ... it v i et ittt it eeeeeeeas 163
VI-T7T X-15 Yaw and Pitch Thrust Chamber 112~Pound
Throttleable .. . ... .00ttt ettt teeeennes 164
VI-8 Bipropellant Rocket System Schematic. ........... 166
VII-1 Instrument Panel.......ceoeeteeeeeesonneens 170
VIII-1 Electrical Power and Distribution System ......... 174
IX-1 Parachute Vehicle Recovery System .......0000.. 192
IX-2 Flexible Wing Vehicle Recovery System. ... ... ... . 194
IX-3 Rotor Blade Vehicle Recovery System . . .. ... .. ... 195
IX-4 Parachute and Retrorocket ....... c s e ec s e e 198
X-1 System Flow and ActivitiesChart . ... ........... 202
XII-1 Program PlanandSchedule . .......voveeeeuuan. 213
Report No. 7161-950001 ix




BELL AEROSYSTEMS cCOMPANY

DIVISION OF BELL AEROSPACE CORPORATION

ILLUSTRATIONS (CONT)

Figure Title Page
XII-2 Research Vehicle and Apollo Schedule . ........... 214
XIV-1 Three-Legged Configuration Adapter Kit ........ - 218
XV-1 Three-Man Lunar Landing Simulator. . ... e e e s e e e 221
TABLES
Number Page
II-1 Comparison of Lift Engine. . . « v v v v v vt 0 v v v v v v 13
II-2 Relative Merits of Basic Lift Methods . .. ......... 14
IOI-1 Desing Vertical Ground ReactionS. . . . v v v v 0 o o0 v v & 32
III-2 Ultimate Member Loads, Tube Sizes, and Weights per .
Support Leg .. .eieeeeeen. s e esasarscesee 36
III-3 Weight and Balance Summary. .. .. .. cc ce oo oo oos 40
IOI-4 Weight and Balance Summary. ... ... cceo oo oo . 41
IV-1 Summary of Attitude Control Power Provided . ...... 58
IV-2 List of Symbols . . ¢ v vt e v v vt et e et eeeeesonens 121
IV-3 Lunar Landing Vehicle Equations of Motion ........ 123
IV-4 PotSettings ......ii ittt teeneeeeeeeennoes 124
IV-5 Cooper Pilot Opinion Rating System ............. 128
V-1 Takeoff and Climb from 2000 ft to 4000 ft. ......... 149
V-2 EndUranCe . .. .. .coo c oo oooeooeeccccnsocsosooso 149
VI-1 Rocket Impulse and Thrust Requirement .......... 151
VI-2 Characteristics of Rocket Systems . ............. 152
VI-3 System Weight. . . c ot vttt i ittt ittt et eeeenns 160
VI-4 Thrust Chamber Performance . ......ccecuvueeuaes 161
VI-5 Bipropellant System ... ¢ v v vt vt e v e oo eeeeeeenos 167
IX-1 TotalFailure Rate . ... vt vt e vt ettt e eeeennens 179
IX-2 Detailed Failure Rate . . .« .t e e e vttt vt eveeens 180
IX-3 TotalFailure Rate . ... .t vttt et e ceneoseeens 189
IX-4 Parachute and Retrorocket Recovery System ....... 199
IX-5 Comparison of Recovery Systems . . ........ c e e 200
Report No. 7161-950001 X




BELL AEROSYSTEMS compPANY

DIVISION OF BELL AEROSPACE CORPORATION

I. INTRODUCTION

The lunar exploration program which 1s currently beilng
implemented will encounter new and unusual environments which
are unfamillar and foreign to our presently developed knowledge
of flight operations. Not only are new engineering design con-
cepts required to meet the challenge, but in addition, for many
phases of the Apollo flight mission, the basic specifications
and requirements on which these new engineering designs will be
based must be reviewed, re-evaluated and new requlirements appro-
priate to Apollo established. Typical of these mission phases
is the lunar approach, hover and touchdown.

For conventional air breathing aircraft and helicopter, the
entire history of aircraft design and flight testing has been used
to develop basic engineering specifications for such items as low
speed handling characteristics, landing gear load factor and
stabllity requirements, alrcraft safety performance limitations,
and basic piloting procedures to which engineering designs must
conform. Even for earth based VTOL aircraft, much recent work
has been accomplished both analytically and in free flight re-
search, to develop similar design requirements and specifications
for control characteristics and performance and safety during the
takeoff and landing phases of flight of these hovering aircraft.

For lunar landing, however, no such previous effort exists
and a program of research and testing is urgently neéded to de-
velop the necessary criterlia and requirements on which the Apollo
design can be based. In the history of manned vehicles, there
are few cases in which the design of an operational system has been
committed without the benefits of prior investigation and flight
research with experimental vehicles. It 1s to this need for flight
test research and for a tocl from which basic Apollo requirements
and specifications for lunar landing can be determined, that the
study of a Free Flight Lunar Landing Research Test Vehicle has been
devoted. The basic objective has been to establish the design con-
cept of a test vehicle which can be constructed quickly and at low
cost, and which will provide a realistic simulation on earth of
landing operations in a lunar environment. Such a vehicle can be
used not only to develop necessary englneering specifications and
requlrements, but can algo aid in evaluation of early Apollo
englneering concepts, and help to develop requirements for flight
tralning and flight procedures for the Apollo vehicle.

Report No. 7161-950001 1
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Two characteristics of the lunar environment are basic to the
design of a free flight vehicle which can simulate lunar landing
trojectories on earth, First, the low lunar gravity, which is
about 1/6 that of the earth, %nd second, the lunar atmospheric
pressure, which is about 10-13 mm of mercury and causes no appre-
clable aerodynamic forces on the lunar landing vehicle. For
realistic earth simulatiom, a free flight test vehlicle must pro-
vide first a means of reducing the effects of earth gravity while
preserving similarity of vehlcle mass and moment of inertia, and
second, a means of balancing aerodynamic forces so that the vehicle
appears to operate in a vacuum environment. In providing this
simulation, the test vehicle should not by itself introduce any
unrealistic side effects,

The importance of these two factors can be seen by comparing
a horizontal translation maneuver on the moon and on the earth.
Figure I-1A shows the horizontal velocity versus time for a lunar
landing vehicle in a representative maneuver in approaching a land-
ing site. Translation is accomplished by tilting the vehicle so
that the horizontal component of the 1ift rocket can be used to
accelerate the vehicle laterally. The solid line if Figure I-1B
indicates the pitch attitude required. The vehicle would pitch
nose down foreward, to obtain forward velocity. When sufficlent
foreward velocity was attained, the vehicle would return to a zero
pltch angle. As the destination 1s approached, the vehicle would
£ilt nose up backward, in order to bring the vehicle to a stop.

The dotted line of Figure I-1B shows how the same velocity
time profile would be accomplishea by an earth-based VTOL vehicle
with fixed engines. Since the 1ift vector on earth is six times
that on the moon, whereas the horizontal component required for
acceleration 1s the same on earth as on the moon, the earth ve-
hicle will tilt only one sixth as much. As speed builds up, the
£1lt angle must be increased to compensate for drag. When the
desired veloclity is reached, the tilt angle is decreased and held
at the attitude required to overcome drag. As the destination is
approached, the vehicle must be tilted nose upward to slow the
vehicle down and the tilt reduced gradually to zero as velocity
and drag decrease.

It can be seen that the earth VTOL has duplicated the velocity/

time profile of the lunar vehicle but the pitch attitude maneuver
required on earth is so different from that required on the moon as
to render the earth vehicle useless for simulating attitude control.
For a successful simulation, five-sixths of the earth weight and
the drag force must be counteracted by a sultable thrust vector.

Report No. 7161-950001 2
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This can be accomplished only by designing the research test
vehicle in a manner so that the attitude of the thrust vector
which balances earth gravity and aerodynamic drag can be adjusted
independently of the attitude and motion of the basic vehicle
itself. The response of the vehicle to attitude controls and
rocket 1i1ft englnes 1s then preserved and realistic flight sit-
uations can be simulated.

A. PROBLEMS REQUIRING RESEARCH BY SIMULATION

The lunar landing research test vehicle which is presented
in this study willl provide an essential test tool with the neces-
sary flexibility to allow flight investigation in many areas.
Some of the basic problems of lunar landing for which this vehicle
can provide needed data, are outlined below.

1. Control With No Aerodynamic Dumping

The Apollo Vehicle will involve for the first time a pilot
controlled landing operation in which no aerodynamic forces will
exlst. While some earth based vehicle designs have encountered
low aerodynamic damping of angular motion, no vehicle has yet
encountered the complete lack of aerodynamic damping of both
angular and linear motions. As such, current specification for
control characteristics and handling which has been accepted by
pilots do not apply to lunar landing. Exploratory research on
these requirements can be accomplished by electronic analogue
simulation, however, verification and acceptance of fixed based
simulator results can be accomplished by free flight research of
piloted vehicles,

2. Effects of Low Lunar Gravity

Similar to (1) above, specifications have been developed
for earth based VITOL aircraft defining required handling character-
istics, thrust modulation, thrust margins, etc. for hovering
operations in an earth gravity environment. New definitions are
needed for operation in lunar gravity where hovering thrust to
mass ratio 1s considerably different, and accompanying rate of
climb, rate of sink, and translation capability are significantly
changed. As above, basic exploration fixed based simulators can
only be evaluated and confirmed by free flight research.

Report No. 7161-950001 A
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3. Pilot Position and Visibility

Since the Apollo vehicle configuration and pllot position
may not represent the most 1deal for vehicle control, an investi-
gation is required into the extent to which the position of the
pilot and the restraints imposed upon him from the pressure suit
and from the seat will affect his capabllity to control the vehicle.

.If the pilot seating is such that the pilot sits upright with the

vehlcle in normal flight attitude, during the landing phase he may
be flying on his back with his feet up in the alr. Experiments
with the X-13 "Tail Sitter" VIOL indicate that if the pilot's seat
were rotated forward 45°, the pilot was in a position whereby he
could exercise reasonably good control, however, space limitations
of a lunar vehicle may not permit rotation of the seat, thus requir-
ing the pilot to contrel the vehlcle from a reclining position.

Not only will the pilot be controlling from this position, he will
also be encumbered with a pressure suit which will further restrict
his capability for making precise control movements. Finally,

there may also be some cross-coupling from kinesthetic and vesti-
bular cues resulting from the necessity of controlling the vehicle
from an atypical body position. Prior to launching a lunar mission,

ment to determine their effects and|subsequently, efforts undertaken
fo either design around them or to train the pilots to a sufficiently
high degree that they are able to cope with these problems.

-these problemrareas should be investigated in a realistic environ-

The 1lnvestigation of viewing techniques on controllability
should take into account the visual environment in which the vehicle
wlll be operated. This includes natural as well as induced charac-
teristics of the environmental field. The natural characteristics
include brightress, glare, contrast, texture and color. The induced
environment includes changes in the visual environment resulting
from the presence of the vehicle, such as glowing dust and other im-
pingement effects. With these characteristics in mind, a thorough
Investigation of both direct and indirect viewing techniques can be
accomplished, Investigation of direct viewing technlques should in-
clude configuration, i.e., size, shape, and position of windows as
well as optical ancmalles, 1.e., poslition and motion distortion and
the optical characteristics of the window. The indirect viewing
techniques include periscopes, closed loop television, radar, infra-
red techniques and optical systems. The variables of interest include
the size of the visual field, the number of degrees that can be '
scanned, the viewer characteristics, location of viewer and controls
wlth respect to the pilot, resolution, signal to noise ratio and
distortion. Based upon the results of these studles, it will be pos-
sible to determlne the vlewing techniques and design requirements
that will permit the pilot to execute a lunar landing with the minimum
possibility of error.

Report No. 7161-950001 5
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4, Control System Characteristics

There are a number of control problem areas that need
further study toc insure a safe lunar landing -- these include the
determination of the most effective type of control system, that
1s a control system that utilizes acceleration commands, rate
commands or position commands to control vehicle attitude. Within
each of these types of control systems, a better understanding of
the control sensitivity and control magnlitudes required is needed.
Consideration must also be given to fail-safe requirements for
the control system. Based upon the results of studies on the
required control characteristics of a lunar vehicle, a determina-
tion of the optimum pilot control configuration, and evaluation
of this control configuration under conditions that approximate
the actual lunar landing conditions should also be made,

5. Determination of Pilet Landing Display Parameters
and Their Instrumentation.

Since the lunar landing represents a rather unlque ve-
hicle control situation, a thorough investigation of the pilot
landing dlsplay parameters and instrumentation should be undertaken,
This should include determination of what information should be
displayed, how the information should be displayed, the requirement
for quickened displays and/or predictor type displays. As a minimum,
it would appear that the pilot should be ‘provided with precise at-
titude information, rate of descent, velocity, thrust, absolute
attitude and flight path information.

6. Landing Tipover Problems Due to Low Gravity.

The precision required for control of the vehicle at
touchdown will be much greater for a lunar landing than for the
landing of a comparable vehicle on earth. This results from the
large increase in tipping tendencies due to the change in relation-
ship between vehicle inertia and static restoring moment due to
gravity. If, for example, the maximum safe lateral touchdown vel-
ocity on earth were 5 feet per second, for a similar system on the
moon, it would be reduced to 2 feet per second, Thus for control
of velocity, the requirements are approximately 2-1/2 times as
stringent on the mocon as on the earth. This raises serlous ques-
tion as to the most effective means of presenting information to
the pilot that will enable him to exercise this precise control.
Prior te finalization of the display system in the lunar vehicle,
this whole problem area should be investigated under as realistic
conditions as possible. As the control and display systems of the
lunar vehicle are evolved, studies should be undertaken to develop
control techniques for hover, descent and landing. These should

Report No. 7161-950001 6
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include various techniques of controlling trajectories, forward
and lateral translations and vertical descent so as to minimize
fuel requirements, pilot workload and time required to accomplish
the landing.

Also, the requirements for stability on the design of
the lunar landing gear should be given serious attention. Design
specifications are well documented for aircraft and helicopters
in terms such as safe tipover angles and allowable vertical and
lateral velocities. These are defined, however, on the basis of
flight experience gained under earth gravity conditions and need
re-evaluation for lunar operations,

7. Contrecl of Vehicle Translation

Horizontal translation of a rocket supported vehicle
can be accomplished by tilting the entire vehicle and its rocket
engines to provide a horizontal component of thrust. Translation
may also be accomplished by using horizontally mounted auxiliary
thrusters. It can be shown that tilting of the entire vehicle is
more economical in use of propellants. However, for hovering on
the moon the vertical thrust vector is only one-sixth of that re-
quired on earth, whereas the horizontal thrust vector needed for
lateral acceleration is the same as that required on earth, so
that vehicle tllt angle can be very large. For example, to trans-
late a thousand feet and come to a stop within thirty seconds
requires a tilt angle of 40°., This raises questions of man's
abllity to stabilize vehicle attitude while in a 40° tilt and
complicates the problem of providing good visibility of the terrain
below and around him., Thus, additional research is reéquired to
establish which is the preferable method for a specific mission.

8. Control of Lift Rockets

Vertical thrust vector magnitude must be controlled
precisely in order to accomplish vehicle touchdown at essentially
zero vertical veloclity. However, to provide the highest reliability,
1t may be desirable to avoid throttleable rocket engines. Vertical
thrust vector could be controlled by pulsing one of the 1lift rockets
on and off, or by tilting opposing pairs of rockets outward. Again,
since manual control factors are involved, an optimum solution will
require additional research,
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9. Control of Attitude Rockets

Vehicle attitude control can be provided by gimballing
the main 1ift rockets, or by use of auxiliary reaction control
rockets. Both have been used successfully. The choice depends
not only on weight, complexity, and reliability, but also on
moments required for optimum manual control, to be determined by
flight research.

10, Other Research Areas

In addition to the problems outlined in the foregoing
sections, a number of other areas should be investigated with
the lunar landing simulator. These include:

a. Verification of Apollo subsystem design and tech-
niques.

b. Training and performance/proficiency assessment.

c. Personnel selection criteria development.

d. Optimization of the final portion of the lunar
let-down trojectory with manual flight control.

B. SPECTRUM OF SIMULATORS AND PLACE OF FREE FLIGHT SIMULATION

Flight simulation is a basic tool which has been de-
veloped to provide at low cost and in short time, design’'data and
training which could otherwise only be obtained by flight of the
actual full scale system. Simulation covers a broad range of types
with the individual methods of simulation intended to accomplish

a specific objective. The various schemes of simulation for flight

research can be classed as:
1. Electronic
2. Fixed Base Mechanical
3. Free Flight Test Vehicles

4, Free Flight of Operational Vehicles under
simulated conditions.

These methods are listed 1n order of approaching realism to
operational flight conditions,
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The most realistic simulation is of course accomplished with
the actual operational flight system., Unfortunately, this requires
committing design, development and fabrication of the operational
System wilithout the abllity to explore design requirements and
design concepts.

Electronic simulation allows exploratory testing without com-
mitting hardware of any kind, can be accomplished rapidly and
allows a wide range of simulation at low cost. Unfortunately and
particularly when the research involves pilot operated systems,
the important element of actual flight environmental and stress
conditions 1s lacking in electronic simulation. For earth based
flight vehicles, considerable experience has been developed in cor-
relating electronic simulation results to free flight tests, so
that this method has become extremely valuable as a design tool.
For lunar flight however, this correlation has not been developed,
so that the need for flight research data to support and complement
electronic simulation is urgent.

An intermediate step between electronic and flight simulation
i1s accomplished with the fixed base simulators, such as mechanical
centrifuges and gimbal and tether systems which introduce the next
step of allowing actual physical motion. In these systems some of
the physical stresses induced on the pilot are introduced. Fixed
base mechanical simulators are still limited, however, to reproduc-
ing only a portion of the environment of free flight and for reason-
able limitations in slze cannot duplicate the complete freedom of
free flight, or the stress levels which are a part of actual flight.
In some cases, fixed base simulators can, while duplicating certain
real flight conditions, introduce other conditions which are not
characteristic of actual flight, such as the effects of coming
agalnst mechanical stops.

The free flight research vehicle 1is the only method which
bridges ground based testing and flight testing of actual operational
vehicles. The free flight research vehicle provides therefore, a
complement and extension to ground testing.
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I1I. INVESTIGATION OF BASIC LIFT METHODS

In order to select a means of auxiliary 1ift required for an
earth-based free flight vehlcle which can simulate the dynamic
response which will be experienced in a lunar gravitational
environment, several 1ift methods were considered and compared,

A, Helicopter 1ift by direct gimbal coupling to the vehicle
B, Hellcopter 1ift by gimbal-and-tether coupling

C. The thrust of a vertically-oriented fan

D. ILiquid-=fueled rocket engine

E., Turbojet engine

The factors considered in the judgment of each means of auxiliary
1ift were configuration, relative ease of eliminating aerodynamic
effects, weight and performance, fidelity of simulation and cost,
avallability and scheduling requirements.

A, HELICOPTER LIFT BY DIRECT GIMBAL COUPLING

The use of a helicopter as a means of auxilliary 1lift for the
lunar landing simulator requires the vehicle to be gimbal-coupled
with two degrees of freedom to a supporting structure beneath the
helicopter. This coupling would require the addition of extended
landing struts to the hellcopter to avoid ground contact with the
vehlcle during touchdown. The combined welght of the vehicle and
the added helicopter structure would required the load-carrying
capacity of the helicopter to be in the range of 2000 to 2500
pounds., An existing helicopter would require fairly extensive
alrframe modification to sustain this mode of loading.

A helicopter used as the means of auxlliary 1ift must main-
tain 5/6 of the weight of the capsule during all conditions of
vehlcle maneuvering and, in addition, provide the proper level of
thrust tilt to overcome combined system drag. Helicopter thrust
and attitude controls are required consistent with these require-

ments. The helicopter thrust and attitude command system must have
reference data on either, (1) wind velocity and direction in order

to determine and correct for aerodynamic forces and moments, or
(2) three-axls acceleration command data as a function of vehicle
attitude and thrust conditions. This information would be
compared with actual accelerations to provide hellcopter control
inputs., Because of the inherent difficulties in obtaining
velocity measurements in diverse directlons, which in turn must

be related to throttle control and attitude control, the preferred
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method, based upon our studies, is to use acceleration reference_
commands (as functlons of vehlcle thrust and attitude conditions)
as the controlled quantity. However, the helicopter is highly
sensitlive to aerodynamlic effects caused by gusts, winds and the
magnitude and direction of flight velocity due to its large disc
dlameter and low disc loading., A fast-response control system
would be required to malntain precise levels of thrust and
attitude., It 1s felt that the response rate of the helicopter's
attitude control system would be a serious limitation in this
respect., The fidellty of simulation i1s of course directly related
to the degree to which disturbances to the capsule system are
minimized. It is the helicopter's inherent sensitivity to aero-
dynamic effects which represents a potentially serious drawback.

It is from these conslderations of weight, requirements for
helicopter redesign, and low fidelity of simulation that lead to
the conclusion that the helicopter, while feasible, is a more
costly solution to the problem,

B, HELICOPTER WITH TETHER-SUPPORTED VEHICLE

It 1s possible to use a helicopter without modification by
hanging a lunar landing simulator within a large gimbal ring,
by a long cable or tether beneath the helicopter. This method of
support for a free flight lunar landing simulator has the
advantage of not requiring major structural rework or redesign of
the helicopter. However, the problems of producing a valid
simulation are extensive., As in the previous case, the helicopter
must maintaln a steady 1ift equal to 5/6 of the weight of the
vehicle under all conditions of vehicle thrust and maneuvering,
which involve the same thrust stabilization problems as for the
previous case. However, the problem of drag compensation appears
to be even more stringent because of the unique position-relation-
ship required between vehicle and helicopter. In order to provide
drag compensation, a definite angular relationship must exist
between helicopter and vehicle as a function of forward speed to
provide the force necessary to overcome vehicle drag. Even
neglecting short period disturbances, the method of providing
good control of position relationship appears very difficult,
Although this scheme is technlically feasible, it presents a
conslderable development problem, since the tether cable-angle
measurements would require special developments, Fildelity of
slmulation, therefore, appears to be one major drawback of this
approach. The vehicle welght would be somewhat greater than the
previous case because of 1ts landing requirements.
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C. DUCTED FAN LIFT METHOD

Detalled performance estimates have not been made on a
specific ducted fan approach, However, ducted fan possibilities
were extrapolated from a design made for the Tri-Service VTOL
Transport, Bell Model D2064, The thrust-to-weight ratio is not as
good as the jet engines, but this is compensated by the much lower
specific fuel consumption. For flight times in excess of about
15 minutes;, the ducted fan would provide a one-man vehicle with
lower gross welght at take-off, Although engines are available,
the complete engine-fan-duct system would represent a new
development., In addition, the magnitude of aerodynamic effects
is a function of disc loading. The lower disc loading of the
ducted fan would increase the aerodynamic effects, particularly
the moment due to air momentum change in entering the inlet
during translation velocities (discussed in detail under engine
moments in the later section), Thus, it would present a more
difficult development problem than the jet englne system.

D. LIQUID=-FUELED ROCKET ENGINE

The use of the liquid-fueled rocket engine as a primary
11ft device can be eliminated for a variety of reasons. Most
important of these is the requirement for development of a
throttleable rocket engine with sufficient run duration. For
example, a vehicle with an empty weight of 3000 pounds would
require 16,000 pounds of rocket propellant. This is based on a
specific impulse of 3C0 sec and a flight duration of 10 minutes
during which the rocket supports 5/6 of the weight. The rocket
engine, therefore, would have to be accurately controlled over a
thrust range from 19,000 pounds to less than 3000 pounds. A
throttleable rocket engine of this size would require a complete
research and development program far too expensive and lengthy.

E. JET ENGINE

The earliest avallable 1lift type small Jet engine 1s the
General Electric 585, The CJ610-1 1s an available commercial
version without afterburner., The J85~5 is an avallable after-
burner version. The CF7C0 is an aft fan version which will be
available for delivery. . A modification of the J85 to permit
continucus vertical operation 1s available tocday. The thrust to
welght ratio is sufficient to allow a feaslble one man vehicle
design using a single engine,

The Pratt & Whitney TJ3D-5 1s a typlcal turbo fan, which
would be required for a larger vehicle, However, two factors
dictate against its immedlate use. One 1is that it has not been
modiflied at present for vertical operation. It might be used in
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a horlizontal position with thrust deflection; however, this
presents severe stablllization problems, Secondly, the thrust to
welght ratio of a large englne 1s not as high as a smaller engine.
Several American and British jet engines are under development
with improved thrust to welght ratio and capable of vertical
operation, but will not be available for several years,

F, SELECTION OF METHOD

Table I1I-1 presents a comparison of thrust, welght, and
propellant consumption of 1lift engines discussed above. Any of
these engines are small enough to allow for mounting a single
engine on a gimbal with the vehicle structure, at the center of
gravity.

The rocket englne has been eliminated because of prohibitive
propellant consumption for a ten minute flight duration.

The ducted fan has been eliminated because it represents a
development problem.

The Jjet engine approach was selected because of availlability

of a sultable engine at an early date with a minimum of develop-
ment time and cost,

TABLE II-1

COMPARISON OF LIFT ENGINES

Rocket Jet (J85) Turbofan Ducted Fan
Bell Agena

#8096 £J610-1{J85=5 |CFT00| TJ3D=-5 [Bell D2064
thrust, 1lbs 16,000 2,850 |3,850 |4,200| 21,000 10,000
welght, 1bs 296 389 538 1623 4,490 2,237
T/W 54 7.32 |7.16 |6.65 | 4,69 4,48
S.F.C.,1b/1b/hr | 15 1 2,2 o7 «535 .15
1 min. propell- | 4000 47.5 141 |49 187 25
ant at full
thrust
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TABLE II-2

RELATIVE MERITS OF BASIC LIFT METHODS

Helicopter [Flying Tethery Ducted Jet Rocket
Fan Engine Engine
Fildelity of
Simulation Poor Poor Falr Good Excellent
Availability of Extensive |Tether Con- [Must be Available|Limited
Hardware Mod.Req'd. {trol must be [Developed
Developed
Cost High High Medium Low High
Reliability and
Safety High Low High High Low
Response to
Commands Slow Slow Medium Fast Very Fast
Vehicle Weight High High Low Low Very High

Speed and Alti-
tude Perf. Good Poor Good Good Excellent

Table II-2 summarizes a comparison of all basic 1ift
methods investigated, with relative merits of each configuration
in regard to several important factors.
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III. CONFIGURATION

A. EVOLUTION OF CONFIGURATION

The vehicle configuration which has evolved during the course
of this study is shown in Flgure III-1l. An artist's drawing of this
configuration 1s deplcted in the Frontispilece of this report. The
basic considerations which led to thls design are discussed in de-
tall elsewhere in this report but are summarized here to give a
concise plcture of the compromises and declisions which were made
during the course of the study.

1. The primary mission of the vehicle 1s to accomplish baslc
research on lunar landing problems as an ald in the design of the
Apollo and other manned lunar landing vehicles. Thus, this research
vehicle must be available soon enough so that its flight research
results may be obtained before the Apollo design is completely
committed, In addition, 1t 1s desirable that the cost of this first
free flight lunar landing simulator be kept to a minimum. It 1s
anticipated that eventually a larger, more complex and more expensive
simulator will be required, which the first small, low cost vehicle
will help to define. These requirements of early availability and
minimum cost have ruled out consideration of high speed aerodynamic-
ally clean vehlcles, helicopter, or ducted fan configurations which
are very efficient in providing 1ift but which represent a long lead
time and high cost development program. It was declded rather to
design in the direction of a simple airframe using conventional
materials, standard sizes, and conventlional manufacturing techniques.
The simple truss work design whlch has evolved provides performance
capabllities adequate for the initial research tasks to be accomplished.

2. Basic to the design of a lunar simulator 1s a 1ift engine
which counteracts five-sixths of earth gravity. The remaining one-
sixth earth gravity will provide downward acceleration equal to lunar
gravity acceleration. A turboJet engine was selected to provide this
1ift because of its small size, completed development status, and
early availablility. Wwhile for lunar simulation the Jjet englne need
provide a 1ift equal only to flve-sixths of the vehicle gross welght,
the Jet engine should have a maximum continuous thrust slightly in
excess of the total gross welght, so that 1t can be used independently
for vehicle take-off and for emergency landing. In addition, the Jjet
engine should compensate for vehlcle aerodynamic drag by tilting of
the thrust vector. A single engline confilguration 1s preferred over
a dual engline configuration in order to lncrease vehicle reliabillity,
and eliminate the problem of matching performance ratings of pairs
of englnes. Vertical mounting of the engine 1is preferred in order to
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eliminate thrust loss and development problems inherrent in

thrust diverters. First design attempts used the General Electric
J-85 engine because 1t has the shortest delivery time, six months.
Thrust of this engine under standard sea level static conditions is
2850 1bs. It was found difficult to design a useful single engine
vehicle for operation at the altitude of Edwards on a warm day, with
a reasonable paylcad and flight duration. An attempt was made to
use a J-85 englne with afterburner. However, the increased welght
of the afterburner, and its high specific fuel consumption resulted
1n a net useful payload increase of only about 100 1lbs, which was
not considered to be warranted for the additional complexity in-
volved 1n the operation of an afterburning engine.

The next step therefore, was to use the General Electric
CF-700-2B. This 1s basically a J-85 engine to which has been added
an air coupled aft fan. It provides 4200 1bs sea level static thrust.
Delivery on this engine is eight months. Other British and American
engine suppliers were contacted. It was determined that no other
1ift engine 1n this thrust range was available for delivery in less
than two or three years.

It was ascertained that the eight month delivery time on the
CF-700-2B 1s compatible with a one year delivery on the vehicle. The
selection of this englne sets a ceiling on the gross take-off welght
of the vehicle slightly less than the thrust available from this
engine at the altitude of Edwards on a 79°F day (3840 1bs).

3. In order for the jet engine thrust vector to counteract five-
sixths of earth gravity, the thrust vector must pass through the
vehlcle center of gravity and remain vertical, regardless of vehicle
attitude. This requires that the Jet engine be mounted on a two-axis
gimbal and that the vehicle center of gravity be located at the
Intersection of the gimbal axes. This will provide neutral static
stabllity. Shifting of equipment in the vehicle will provide a
margin of elther positive or negative static stability. The length
of the landing legs was chosen to cause the vehicle center of
gravity to fall at the intersection of the gimbal axes. This leg
length also provides adequate clearance from the Jet engine exhaust
to the ground to prevent ground erosion. In order to prevent ex-
cessive shift 1n center of gravity as propellants are consumed, all
propellant tanks are lccated in the plane of the gimbal axis. The
vehlcle has been designed to provide for 40° angular freedom in both

axes between the Jet engine and the vehicle. This allows 10° tilt
of the engine to counteract vehicle drag and 300 tilt of the vehilcle
to accomplish translation.

Report No. 7161-950001 17




L

D
i

BELL AEROSYSTEMS coOMPANY

DIVISION OF BELL AEROSPACE CORPORATION

L4, Actual lunar vehicles will be supported by 1ift rockets.
Thus for accurate simulation the thrust/mass/gravitational force
ratios should be the same for the simulator vehicle on earth as
would occur on the moon. It is possible to provide this additional
1ift by means of the jet englnes. Pilot throttle and stick inputs
could be processed through a computer and used to adjust the jet
engine throttle and attitude to simulate control of 1lift rockets.
However, because of the slower response of a jet englne, this is
considered to be a poorer simulation than can be obtalned by use
of rocket 1ift engines. Since man-rated rocket systems are avail-
able today, rocket 1i1ft was selected.

A hydrogen peroxide system was selected for both 1ift and
vehlcle attitude control for which Bell Aerosystems Company has
man-rated components presently available from the Mercury program,
X-15, and Bell Small Rocket Lift Device. In addition, peroxide
servicing equipment and experienced personnel are available at
Edwards Air Force Base. A blpropellant system will provide almost
twice the operating time for the same system gross weight and is
presently under development. However, 1t was felt that this vehicle
should not be a test bed for the development of a new bipropellant
system. Should such a system be developed for another program, it
would represent a future growth potential for this vehicle.

5. Because most of the research tasks to be accomplished at an
early date require only one man, the basic vehicle has been designed
as a one-man vehlcle. However, for training and observation pur-
poses, and because some tasks require a second man, the layout has
been arranged to accommodate a dual seating arrangement. The weight
of the second seat and man 1is compensated by offloading of propellants
with consequently reduced flight time. The minimum performance de-
sired with one man is ten minutes of operation of the Jet englne and
vehlcle attitude control and two minutes operation of the 1ift rocket
system, This will allow the vehlcle to take off and climb to an
altltude of 2000 ft on the jet engine, translate a distance of three
miles from the take-off site, simulate two lunar landings of cne
minute duratlon each, and fly back to the take-off point. The
peroxlde and jet englne fuel tanks are designed to accommodate addi-
tlonal propellant to increase flight time approximately 50%, in the
event that it 1s desired to use the payload allowance for additional
flight duration.

6. Comparisons were made of three legged and four legged con-
filgurations. For a fixed vehicle tipover angle, the three-legged
configuration requires that each leg be 41% longer than for a four-
legged configuration. Because of the additional length required,
and the higher bending moment resulting, each leg of the three-legged
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configuration wlll be almost twice the welght of the four-legged
configuration. Thus, the total leg weight with three legs 1s
greater than the total leg weight for four legs. 1In addition, the
four-legged configuration provides a convenient support for the
attitude control rockets. 1In order to accommodate unevenness of
landing terrain with four legs, each leg has been provided with
long stroke shock absorbers. For transportation of this vehicle by
truck or cargo aircraft, the legs are attached to the platform
frame by pin joints so that the legs are easily removed.

7. The primary flight controls for vehicle attitude and Jet
engine throttle include a dual 1link, one electrical, and one direct
mechanlcal, between the pillot controls and the attitude rockets and
Jet engine throttle. Although an all-electrical system would be
simpler, cheaper, and lighter in welght, 1t was felt that this vehicle
should not ploneer in the "fly-by-wire" technique, even though lunar
vehicles will undoubtedly be all-electrically controlled.

8. Jet engine vertical stabilization is provided by utilization
of Jjet engine compressor bleed air in four downward facing nozzles.
Alrflow from these nozzles 1s controlled by gyros mounted on the
engine. The gimbal system 1s provided with a caging and locking
mechanlsm which will effectively lock the jet engine rigid to the
vehicle ailrframe., Thus no bleed air 1s required during takeoff so
that full engine thrust is availlable. In addition, the vehicle
stabllization system and the jet stabilization system can provide
mutual backup to each other for greater vehicle safety in the event
of failure of one of the systems.

9. All systems on the vehicle required for controllability and
maneuverabllity are redundant with the exception of the Jet engine.
Methods of saving the vehicle in the event of engine failure have
been examined and are discussed elsewhere in this report. However,
none have been lncorporated in the basic vehicle design because of
the welght penalty involved.

To provide for pilot safety, a zero altitude, zero velocity,
rocket type ejection seat has been provided.

10. Although this vehicle has not been designed to be aero-
dynamically clean, compromises have been made to reduce drag and
drag moments as much as possible consistent with low cost and early
avallability. Tube sizes are the smallest diameter permissible for
maximum slenderness ratio. The design presented is capable of full
aerodynamic drag compensation for horizontal velocities up to about
60 ft/sec in any direction.
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B. DESCRIPTION

The vehlecle layout 1s shown in Figure III-1. An artist's
drawing i1s shown in the Frontispiece. It consists of an aluminum
alloy tubular truss work and platform structure, 21 ft long,

21 ft wide, 19.8 ft high, and has a gross weight of 3420 1bs.

Each leg 1is a tapered trlangular truss of welded aluminum
alloy tublng. Pin Jjoint type attachment fittings permit removal
of the legs from the platform structure for shipping. This feature
will also facillitate future variatlons 1n leg geometry 1f desired.
A landing shock absorber 1s attached to each leg by means of two
rubber shear mounts which absorb lateral energy during landing.

The shock absorbers aré fitted with castered wheels. As pilot pro-
ficlency develops these will be replaced by dish or saucer type
feet to afford more realistic landing simulation.

The platform structure 1s a welded aluminum alloy tubing cir-
cular ring at the bottom trussed to a square frame at the top.
Fittings integral wilith the lower ring are provided for attachment
of the two lower main members of each leg. Fittings are provided
at each corner of the upper frame for attachment of the upper mailn
member of each leg. Two glmbal axle housings are welded to the
lower ring to permit attachment of the gimbal ring. The main 1ift
rocket mounts are fixed to the lower ring immediately below the
gimbal axle housings.

The gimbal ring is a formed steel tube containing four sets of
glmbal bearings in hubs. Two sets of gimbal bearings, to which
the platform structure 1s attached, form the outer gimbal. The
inner gimbal 1s formed by the remaining two sets of gimbal bearings
to which the englne mount 1s attached.

A General Electric CF-700-2B axial-flow, aft fan, jet propulsion
engine modified for vertical operation supplies the main 11ft force
for the simulator., It 1s supported on the glmballed engine mount

(see Figure III-2),which 1s a welded unit fabricated of carbon steel
tubing, utilizing three restraint points on the engine. One point 1is
on the fan front frame and 1s capable of restraint in all three axes,.

Another point is on the fan front frame and is capable of vertlcal
and lateral restraint in one axis. The third mounting point, which
1s on the engine front frame, acts as a stabllizer and 1s also
capable of lateral restraint in one axis. This type of mounting
system allows for thermal expansion of the engine.
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A toroidal tank which has a capacity of 500 1lbs of JP-4
fuel surrounds the engine in the area of the compressor case and
1s supported by pads on the engine mount. The tank 1is compart-
mented radlally 1nto four equal segments to minimize center of
gravity shift. Two fuel outlets are provided near each end of
each compartment to insure uninterrupted fuel flow during maneuver-
ing. Each palr of outlets is manifolded to a four element flow
divider to maintaln equal fuel withdrawal from each of the four
fuel tank compartments.

Components of the jet stabilization system are secured to
the engine mount structure. The Jet stablilization thrust system
ducts, nozzles, and valves which connect to the compressor ailr bleed
ports on the engine are supported by structure attached to the
mating flanges of the fan front and rear frames.

The gimbal pattern permits 400 tilt of the vehicle vertical
axis with respect to the turbofan engine vertical axis in any direc-
tlon. A gimbal centering and locking mechanism (see Figures III-3
and III-4) is provided to cage the gimballed engine for take-off or
in event of malfunction of the englne stabilization system. It
consists of two pairs of nitrogen actuated cylinders, one pailr
mounted at one of the lnner gimbal bearings and the other pair
mounted adjacent to one of the outer gimbal bearings. The cylinder
plston rods are free floating until pressure is applied through a
solenoid operated tri-port valve.

Removable floor boards of lightwelght honeycomb sandwich
construction and a seat support structure are fastened to the plat-
form structure. Three sets of fittings are provided to permit either
single seat or dual seat installation. Zero-zero pilot ejection seats
are provided in each configuration. Ailrcraft type center stick and
rudder pedal controls are installed as a unit to facilitate relocation
for dual seat configuration.

A helicopter type linstrument panel 1s permanently installed
on the center line of the platform. Instruments included are:

alrspeed indicator

altimeter

rate of climb indicator

JP=4 fuel level indicator

engine rotor speed indlcator
exhaust gas temperature indicator
lube o0il pressure indicator

lube 01l temperature

JP-U4 tank pressure
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drift indicator
attitude indicator
clock

D.C. voltmeter
A.C. voltmeter
warning lights
peroxide remaining
englne thrust

The pllot enclosure consists of a windshield and side panels
of tinted mylar or thin plexiglas, A pitot tube and transducer are
mounted on a mast extending above one corner of the windshield. The
slde panels are hinged to permit ingress to the seat. Pilot oxygen
for total flight duration is supplied from a 24 cu ft (270 cu in.

@ 2250 psi) air bottle.

Two 500 1b throttleable thrust 1ift rockets are mounted
fixed vertically to the underside of the platform lower ring diamet-
rically opposite each other. Four clusters of four 80 1b (max)
thrust attitude control rockets are mounted on the lower end of each
leg inboard of the landing shock strut. Two 400 1b capacity Hp0p

propellant tanks are trunnion mounted within the upper trusswork of
two opposite legs centered on the vertical center of gravity of the
vehicle. Within the trusswork of the other two legs are two No

spheres, also trunnion mounted, for pressurization of the rocket
propulsion systems.

Components wlll be installed on the vehlicle wherever possible
to attain the desired balance., Figure III-5 1s a block diagram of
the interconnections between the installed systems. Each system is
dlscussed in detail in other sections of this report.

C. DESIGN CRITERIA AND LOADS

1. General
The following summarlzes the results of a brief study of
structural design criterlia for a Lunar Landing Simulator (BAC
Model 7161).

Selection of Limit Sink Speed:

Thls problem has been examlned from two points of view:

a. what sink speed could we consider to be adequate
for a lunar landing vehicle?
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b. what sink speed could we consider to be adequate
for the proposed Lunar Landing Simulator in the
event of a Jet engine flameout "near" the ground,
i.e., 80 near to the ground that safety devices
could not be actuated before contact with the
ground was made?

With regard to (a), a "feel for the problem" has been ob-
tained by performing the following analysis. The lunar vehicle has
been assumed to hover above the ground just prior to setting down on
1ts landing gear. This would correspond to the operator's looking
over the immediate terrain on which the vehicle would come to rest.
From thls helght a descent is initiated by retarding rocket engine
thrust at a linear rate until ground contact is made. This procedure
1s belleved realistic as far as initlating the descent is concerned,
but 1t 1s undoubtedly very conservative with regard to the operator's
continuing to retard thrust until ground contact 1s made. This
assumption is made, nevertheless, since 1t simplifies the resulting

analysis and, also, since 1t approaches the problem from a conser-
vative direction.

Figure III-6 summarizes the results of the analysis. The
ordinate defines the helght above the ground at which thrust retard-
ation 1s initiated. The abscissa defines, in effect, the rate of
thrust retardation. Time to complete throttle retardation has been
specified for this purpose since it describes the situation more
clearly than per cent thrust reduction per second.

A "throttle completely retarded at impact" boundary is shown
since the present analysils is not valid to the left of this line.
Lines of constant touchdown velocity (VI) are shown 1in the figure.

Examination of the curves reveals that touchdown speeds of 10
to 12 ft/sec provide for fairly rough handling of the lunar vehicle
by the operator. For example, starting at a height of 20 ft, the
operator can retard thrust at a rate which leads to zero thrust at
the end of six seconds without exceeding a touchdown speed of
10 ft/sec. Since the operator is not apt to continue to reduce
thrust at this rate for the full six seconds, the touchdown speed
would normally be less than 10 ft/sec,.

With regard to (b) above, it was assumed that flameout of the
simulator's jet engine occurred at a linear rate for a period of one
second and that the fixed rocket engine thrust equalled 0.16 times
the welght of the simulator. It was found that the contact velocity
would be 13.5 ft/sec from a drop height of 4.5 ft. From this rough
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analysis, it is evident that an engine flameout from even modest
heights results in very hilgh ground contact velocities. Design of
the landing gear shock absorbing system with sufficient margin of
strength to cope with engine flameouts from substantial heights
(10 £t or more) is undoubtedly impractical. A relatively high sink
speed is nevertheless desirable and a 10 ft/sec 1limit sink speed
1s recommended for design of the simulator. For purposes of simu-
lation, a lower sink speed could realistically be considered. The
above value 1s recommended, however, in order to help assure safe
operation of the simulator during training operations when high
rates of thrust retardatlon may be applied.

Selection of Other Landing Parameters:

The percentage of 1ift acting during landing (two-thirds of
the simulator weight) has been selected on the basis of the heli-
copter landing requirements of MIL-S-8698(ASG).

The sink speed assumed to apply during landings on rough
terrain or under side drift (windy day) conditions is 60% of limit
sink speed, or six ft/sec. This reduced value of sink speed is pre-
dicated upon the assumption that landings upon rough terrain or on
windy days will be undertaken only after famlliarizatlion flights have
been completed under more ideal landing conditions.

The side drift velocity of 3 ft/sec which 1s proposed for
design 1s based upon the assumption that the operator of the simu-
lator will compensate for side drift due to whatever average wind
prevalls at the tlme of landing. Under these conditions, drift of
the simulator will be due primarily to fluctuations in the average
wind which will be substantially less than the average wind itself.

The deslgn weight for landing is taken as the maxlmum take-
off weight, 1.e., design gross welght, since 1t is anticipated that
flight duratlons may be very short under some operating conditions,
particularly during tralning periods.

2, Design Criteria

The following loading conditions are recommended for design
of the Lunar Landing Simulator.

The landing weight shall correspond to the design gross
welght of 3400 1bs.

a. Limit Loads

Loads derived from the following loading conditions are
limit loads unless otherwlse specified. When subjected to 1limit loads
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the simulator shall not experience deformations which will inter-
fere with its operation, or require replacement or repailr of its
structure due to permanent distortions.

b. Ultimate lLoads

Ultimate loads are limit loads multiplied by the
ultimate factor of safety of 1.5. The structure of the simulator
shall not fail to sustaln ultimate loads.

¢. Landing Conditions

(1) Level Landing, Smooth Terrain

All landing legs shall contact the ground simul-
taneously at the limit sink speed of 10 ft/sec.

Total vertical thrust shall equal two-thirds of

the design gross welght.

(2) Level Landing, Irregular Terrain

The landing legs shall contact the ground at a
sink speed of six ft/sec in whichever attitude
requlres maximum energy absorption from a single
landing gear shock absorber. The total vertical
thrust shall equal two-thirds of the design gross
weight. The height differentlal between the
highest and lowest ground contact locations shall
be three feet,

(3) Side Drift Landing

The simulator shall be trimmed so as to produce

zero side drift in a 10 mph wind and shall contact
the ground with a side drift velocity of 4+3.0 ft/sec.
The sink speed shall be six ft/sec. The ground
contact attitude shall be such that:

(a) one leg contacts first with the lateral ground
reaction applied in the plane of the leg and
the simulator center of gravity.

(b) alternatively, two adjacent legs contact first
with the lateral ground reaction at each leg
belng equal and perpendicular to a line drawn
between the ground contact points.
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(4) Crash Landing

The operator's seat, safety belt, shoulder harness,
and all attachments for components adjacent to the
operator shall not fall when subjected to an ulti-
mate inertia loading of 40-g applied within a 20
degree cone aligned to the vertlcal axis. Items of
equipment and elements of the propulsion and con-
trol systems shall be attached in such a manner

that they do not present a hazard to the pilot during
a 40-g impact. “

d. Mlscellaneous Conditions

(1) Propulsion and Control Systems

All propulsion and control systems components

and thelr attachments shall withstand the inertia
forces assoclated with the loading conditions of
c(1), ¢(2) and ¢(3) above, in any normal operating
position.

(2) Operator's Controls

The operator's controls shall conform to the
loading requirements of paragraph 3.7 of
MIL-A-8865(AsG).

3. Loads

A preliminary study has been made of the landing shock
absorbers and the results are summarized in Table III-1. These can
be considered as minimum requirements for the design of the shock
absorber and preliminary load conditions for the design of the air-
frame. 1In all conditions, conservative (low) values of efficiency
were assumed so that any changes resulting from detail design of
the gear would tend to reduce loads or increase allowable sinking
speeds. The calculations are based on a shock absorber design
having an available stroke of 17 inches and a compression ratio of
6.25. The factors considered in the selection of the shock absorber
characteristics are explained in Section III.E.
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DESIGN VERTICAL GROUND REACTIONS

Legs| Condition Load Factor v h Efficiency Sﬁroke
Englne | Legs | Total| Ft/Sec| Ft Inch
2 Limit .67 1.33 2.00 6 1.67 .60 14.3
L Limit .67 2.66 3.33 10 4,65 .70 12.3
2 Ult. .67 2.00 2.67 11.1 5.72 .80 15.1
4 Ult. .67 4,00 L. 67 12.5 7.35 .65 13.0
2 Limit 0 1.33 1.33 0 -1.13 .15 14.3
L Limit 0 2.66 2.66 5.9 .55 .55 14.3
2 Limit .167 1.33 1.50 7.3 5.00 .65 4.3
L Limit 167 2,66 2.83 11.0 11.25 .15 12.3
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D, STRUCTURAL DESCRIPTION AND ANALYSIS

The primary structure consists of a platform, four legs, and
an englne mount and gimbal ring assembly. The platform is a cage-
like structure surrounding the jet engine, and the four legs radiate
outwards from the platform periphery as shown in Figure III-1.
All the equipment is mounted on the platform or the legs except
The Jet engine, the jet fuel, and the Jet engine stabilization
system which are supported by the engine mount. The engine mount
pilvots on the gimbal ring and the gimbal ring pivots on the plat-
form, These two plvot axis are at right angles and in the neutral
position they are both horizontal, thus permitting the jet engine
to be tilted in any direction relative to the platform up to an angle
of 40° from the vertical. In actual flight the Jet engine is main-
talned in a vertical attitude and the platform is tilted to simulate
the motion of a lunar landing vehicle which tilts to translate.
Lift rockets are fixed relative to the platform and thus provide a
horizontal component of thrust when the platform is tilted. Mono-
propellant reaction control rockets at the ends of the legs provide
the attitude control forces for the platform, and bleed air Jets
attached to the engine provide the attitude control forces for the
engine. At the discretion of the pilot the jet engine can be rigidly
aligned to the platform in the neutral position by a gimbal locking
system, and the entire vehlcle controlled by the reaction control
rockets on the legs. The cockplt is mounted above the platform in
a fixed position relative to the platform.

The structure of the platform is a tubular truss cage of 6061-T6

aluminum alloy. Main members are a ring at the bottom approximately
86 inches in diameter, and a square at the top approximately 61 inches
on a side. These are connected by vertical and dlagonal members
running from the corners of the upper square to strategic spots
around the clrcumference of the lower circle thus forming a cage.
The top of the cage is closed by the cockpit floor in the plane of
the upper square, but the bottom of the cage is left open to permit
the jet engine to project through. The gimbal pivot axis is in the
plane of the lower circle.

Tube size for the sides of the square at the top of the platform
is 3-1/2 x .083. These members are designed to support cockpit
inertia loads in bending combined with axlal compression produced by
the ultimate 4 leg level landing condition. Tube size for the lower
ring is 4 x .083., This is critical for the radial loads from the
legs produced by the ultimate 4 leg level landing condition. The
vertical and dlagonal tubes between the upper and lower cage members
are 2 x .,049. This size 1s chosen to blend well with the upper and
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lower cage members at the welded joints. Therefore, all of the
vertical and diagonal members of the cage are overstrength.

A study of the typical leg shown in Figure III-7 has been com-
pleted and the results are summarized Iin Table III-2. Two designs
are shown: one with the minimum welight tubes for each member and
one with the smallest practical dlameter tubes for each member.
The latter design results in lower aerodynamic drag which 1s an
important consideration for the legs, since the center of pressure
of the basic vehicle is below the gimbal axis. The weight shown
in Table III-2 is indicative of the vehicle leg welght and shows
that the welght estimate of Section III.F 1s conservative.

An IBM 704 digital computer program now in existence at Bell
Aerosystems Company could be useéd for loads in the leg and cage
truss members for a final detail design. Thils program, utilizing
the method of direct stiffness calculations, develops five major
items of information in the process of solution. These are:

1. Displacement influence coefficlents

2. Displacements due to given applied load 6r temperature
conditions

Internal stress influence coefficients

Internal stresses due to given applied load or
temperature conditlons

5. External support reactlons

By use of thils program, 1t is possible to solve quickly varilous
truss configurations and thus optimize design.

The engine mount is a welded tubular steel truss. The configu-
ration shown in Figure III-2 is the result of a study of severdl
schemes and is a simple, compact arrangement producing a minimum of
interference with the fan inlet air. Steel 1s used primarily for
the ease of attaching steel fittings at the pivot polnts and engine
mounting points. Stiffness 1s essential in the engine mount so no
weight saving 1s possible with aluminum. Thils 1s also true of the

gimbal ring which is a 3-inch diameter, .083 wall steel tube, although
the same stiffness could be achieved using a larger dlameter aluminum

tube. A simple study is required to determine the optimum size and
material of the gimbal ring but the weight used in Section III.F
is representative and conservative.
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Figure III-7. Support Leg — Truss Nomenclature

Report No. 7161-953001

Hl SR S Ny an ey AR BN W TS ED B BN an BN B EE EaE e
-y
w

|

35



TABLE III-2

ULTIMATE MEMBER LOADS, TUBE SIZES AND WEIGHTS PER SUPPORT LEG

+ Tension . Cond. I - 43200 1lbs
Tube Loads +Vert. ¢ +2055 1bs
- Compression 7 Cond. III -{-=1200 1bs
+Hor. +1200 1bs
Member Cond. I| Cond., III L Min.Wt.Tube Wt Design Tube wt.
Size for Size for
Vert. Vert, Hor. | Side Comb, Crit. Cond. Crit. Cond.
1b 1b 1b 1b 1b in in. 1b ' in. 1b
4 - 3970 -2550 |- 80 0 -2630 21.0 1-5/8 x .028 | .298 2-1/4 x .095 1,605
13 - 8210 -5290 | #4440 0 - 850 29.C 2-1/4 x .0k4g .992 2-1/L x .095 2.220
21 -10030 -6460 | 44690 0 -1770 39.6 2-1/2 x .049 1,512 2-1/4 x .095 3.025
29 -11320 ~-7290 | 44850 o} 2440 54,5 13 x .049 2.500 2-1/4 x .095 4,160
37 -12180 -7830 | +4960 0 -2870 53.6 53-1/& x 049 | 2,662 2-1/4 x ,095 4,100
-9060 | .
8 & 9 + 2100 +1550 | -2560 | 48050 +3040 24 .5 2-1/4 x .049 .838 1-3/4 x ,095 1.221
16 & 17 + 3480 +2240 | -2710 | +4830 ;2328 33.4 2 x .035 .729 1-3/4 x .095 1.665
o4 & 25| |+ 4220 | |42710 | -2810 45260 :gigg 45.9 | l2-1/4 x .035 |1.135| |1-3/4 x .095 |2.288
| -5320
32 & 33 + 4770 +3060 | -2880 | +5500 15680 52.7 2-1/4 x .0k9 |1.802 1-3/4 x ,095 2.627
]
0 0 660 | ~26%° 8 8 6| |1-3/8 8 6
7 0 | +2660 42660 28.7 1-1/2 x .02 .37 1-3/8 x .05 .695
18 0 0 o | 12620 -2620 M 4 8 8 L
5 4262 +2620 39.2 1-3/4 x .035 | .T747 1-3/8 x .05 .949
| -1956 |
| 26 0 0 0 | +1956 +1956 53.6 1-3/4 x .035 | 1,021 i-3/8 x .058 1.297
| - 864
34 0 0 o | + 864 + 864 6l4.5 1-5/8 x .028 | .916 1-3/8 x .058 1.561
B Total Page 1) 20.032 1bs Page 1) 35.214 1bs
feeport No. 7161-950001 Total gPage 2% 8.914 1bs gpage 23 11.072 1bs
Total = 28.946 1bs Total = 46,286 1bs

vert. Applied at
vert. ground re-
hor. action pcint
side

Upper Longerons

Lower Longerons

Diagonals Lower
Truss

R



TABLE III-2 (continued)

)

Member Cond., I Cond. III L Min. Wt .Tube Wt Design Tube Wt.
Vert. | [Vert. | Hor. |Side |comp. size for o Sore for o
1b 1b b | 1b 1b in, in, 1b in. 1b
i ‘ -1930
3 - 227 - 146 |- 256 |+1528 | ,1106 | [13.0 | |1 x .028 112 1-1/8 x .035 .157
12 - 125 - 80 |+ 304 [44830 :gggi 17.4 1-3/4 x .035 |.332 1-1/8 x .058 343
38 - 22 | |- 1 |+ 10 |42200 |73382 | |e3.8 | |1 x .028 206 | [1-1/8 x .035 |.288
39 + 8 | |+ 53 |- 8|+855 (3500 | '32.8 | |1 x .008 280 | [1-1/8 x .035 |.302
1&2 +1837 +1180 |-1955 |45450 ;ﬁ%gg 14.1 2 x .035 .308 1-1/8 x .065 .308
586 | |+1776 | [+1140 |+1925 46450 [13272 | [18.1 | [1-1/8 x .083 |.ko7 | [1-1/8 x .083 |.hg7
10 & 11| |- 552 - 355 |+1295 |45310 ;gggg 31.2 | |2 x .035  |.680 1-1/8 x .095  |.967
41 & 42 | |+1470 + 945 |-1538 |+4260 -gggg 19.7 | |1-7/8 x .035 |.402 1-1/8 x .058 .388
+366
' | | L -2205 ) '
14.& 15 - 785 - 504 1+ 109 |+1810 | 43415 24.6 1-1/4 x .028 |.266 1-1/8 x .035 .298
19 & 20| |+ 606 +390 |- 80 |+1190 ;1228 26.9 | |1 x .028 232 1-1/8 x .035 |.326
22 & 23| |- 526 | |-338 [+100 [+1326 [ 1383 | |33.6 | |1-1/4 x .028 |.354 | |1-1/8 x .035 |.4o06
o7 & 28| |+ 4uh | |+ 286 |- 58 |+ 864 |7,630 | |37.0| |1x .08 320 | |1-1/8 x .035  |.au7
30 & 31| |- 409 - 263 |+ 52 |+ 972 ;1%g§ 46,1 | |1-3/8 x .028 |.551 1-1/8 x 049  |.7Th
35 & 36| |+ 297 +191 |- 38 |+ 548 |7 %g? a2 | |1 x .028 ,382 1-1/8 x .035 |.535
Total = 8.914 Total 11.072
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E. LANDING GEAR CONFIGURATION

The landing gear conslsts of four conventional vertical shock
struts, one on the end of each leg. The design characteristics of
the shock absorber are glven in Table III-1. Each strut 1s attached
to the leg by rubber shear pads in an arrangement which permits hori-
zontal deflection of the landing foot at the lower end of the shock
strut. The shear pads are designed to allow a 6.75 inch lateral de-
flection of the landing foot for a side drift velocity of 3 feet per
second with one leg receiving the full impact. This produces a
lateral load factor of .50. When two legs impact simultaneously the
deflection is 4.75 inches and the load factor is .71l. These values
are chosen so that the relative magnitude of the loads in the leg
truss members 1s the same for the side drift landing mode as for the
design vertical landing conditions shown in Table III-2.

The design of the vertical shock struts is dictated by the desire
to produce a relatively small ground reaction factor while still
accommodating the static ground conditions. The strut must not be
fully compressed when two diagonally opposite legs are supporting a
fully loaded vehicle nor fully extended when all four legs are
supporting an empty vehicle. With such a wide variation in static
ground conditions, it 1s necessary to use a high compression ratio.
This results in high ground reaction factors if the entire available
stroke is utilized for the design landing condition. The solution is
to provide a sufficiently long stroke so that only a portion of the
avallable strcoke 1is utilized for the design landing conditions,
thereby maintaining low compression ratios and corresponding load
factors during landing. This relatively inefficient use of the shock
absorber results in an efficlent overall vehicle design since the
structural loads are kept to a minimum and the weight is concentrated
in the landing gear shock struts. If a smaller shock strut were used
with correspondingly higher load factors, the vehicle structure would
be heavier, and ballast would be needed in the vicinity of the shock
struts to keep the center of gravity at the gimbal plane, thereby
making the overall vehicle heavier.

The static ground reaction characteristics of the strut were
chosen as follows: strut compressed to 1.3 times fully extended ‘
pressure when the empty vehicle rests on four legs; and strut com-
pressed to 90% of available stroke when the fully loaded vehicle rests
on two dlagonally opposite legs. With an empty weight of 2100 1lbs and
a fully loaded weight of 3400 lbs, this gives a compression ratio of
1.3 for empty vehicle on four legs; 2.1 for full vehicle on two legs;
and 6.25 for a fully compressed strut.
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The required length of total stroke is based on the design con-
dition of the fully-loaded vehicle landing on two diagonally opposite
legs with a six teet per second vertical sinking speed. Assuming an
efficiency of only .60 for this condition, it 1s possible to keep the
ground reaction factor down to 1.33 by utilizing only 14.25 inches of
stroke of a strut with a total avallable stroke of 17 inches. The
characteristics of thils shock absorber were calculated for other
landlng conditions using conservatlve estimates of efficiency and
the results are tabulated in Table III-1.

Alternate gear arrangements consldered were (1) a vertical shock
strut rigidly mounted to the leg, (2) a jointed leg as shown in
Figure III-9, and (3) a leg pivoted at the attachment of the two
lower longerons to the platform, using a shock absorber in place of
the upper longeron in the top bay. With the latter two of these
alternate arrangements, some combinations of vertical and side re-
actlions would cause the resulting line of action to pass below the
plvot point and above the vehicle center of gravity. No compression
of the shock absorber would occur and the leg would be overloaded.
(If the line of action passes below the center of gravity the vehicle
will turn over, no matter what the shock absorber configuration.)
The first alternate configuration will not absorb the horizontal
component of kinetic energy in a side-drift landing, which would
likewise lead to fallure of the leg. Another undesirable feature of
the second or third alternate configurations is that the landing
foot must scrub outward in order to move upward during shock absorber
action. In a symmetrical landing on a soft or rough surface which
would tend to prevent the scrubbing motion the induced horizontal
loads on all legs would balance against each other and the motion
of the shock absorbers would be thus restrained, thereby imposing
higher than permissible vertical load factors on the vehicle.

F. WEIGHT AND BALANCE SUMMARY

Table III-3 1s a summary of the welght and balance for the free
flight lunar landing simulator. It indicates the following weights:

gross at take-off 3440 1bs
landing 2540 1bs
empty 2013 1bs

Table III-4 1s a summary of the balance of the vehicle exclusive
of the gimbal mounted engine assembly. The shift in center of gravity
of this part of the vehicle as propellants are consumed is a measure
of degree to which neutral static stability can be maintained., It will
be noted that the total vertical travel 1s .9 inches or +.45 inches
around a middle point. Analog simulation studies indicate that the
pllot 1s unaware of shifts of up to two inches,
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TABLE III-3
WEIGHT AND BALANCE SUMMARY
Horizontal Lateral Vertical
Welght Arm* |Moment [Arm¥* |Moment |Arm* |Moment
Structure (632)
Truss - Legs 250 | 200.0| 50000 [200.0| 50000| 90.5| 22625
Gimbal and Bearings 213 | 200.0| 42600 |200.0| 42600(136.4| 29053
Truss - Mailn 100 | 200.0| 20000 |200.0| 20000|158.0| 15800
Platform, Support & Floor 34 | 194.0{ 6596{200.0| 6800/185.1] 6293
Misc. Supports, etec. 35 | 196.9 6892 200.0 7000|172.3 6031
Landing Gear 150 | 200.0{ 30000 |200.0| 30000| 28.6 4290
Propulsion (1022)
Engine 623°| 198.2|123479 |199.4| 124226 |129.0| 80367
Alternator 32 [ 188.1] 60191(205.8{ 6586|143.0| 4576
Engine Accessories 43 [ 200.0| 8600|200.0] 8600|124.2 5341
H202 System 226 { 198.9] 44951 (200.0{ 45200 113.7! 25561
H2O2 System Mounts 25 { 200.0 5000 |200.0 5000]130.0 3450
Engine Fuel Tank 50 | 200.0f 10000 [200.0| 10000 148.0 7400
Engine Plumbing 16 | 200.0| 3200[200.0| 3200{148.0| 2368
Engine Controls 7 1200.0| 1400|200.0| 1400{148.0| 1036
FElectrical 22 | 200.0 4400 1{200.0 4L400(180.0 3960
FF1light Controls 30 | 174.4 5232 [200.0 6000{192.4 5772
Instruments (30)
Engine 10| 175.0 1750 1200.0 20001212.0 2120
Flight 20 | 175.9| 3518(196.4| 3928|215.2| 4304
Furnishings (107)
Seat 92 | 211.2f 194301200.0| 18400|204.9 18851
Oxygen bottle 15 1 200.0 3000 {200.0 3000(190.0 2850
Communication 20 | 230.0 4600 {207.0 h1401189.0 3780
Weight Empty 2013 - | 4bo0667 © 402480 255828
Crew 200 | 207.5| 41500(200.0| 40000|206.0| 41200
Payload 200 | 200.0| 40000 (200.0| 40000(155.0| 31000
Propellant (1000) ' “ e
Jet Engine Fuel 40O | 200.0| 80000 |200.0| 80000|148.0| 59200
Rocket Propellant 600 | 200.0| 120000 |200.0|120000{134.5| 80700
Pressurization Gas 27 | 200.0( 54001200.0| 5400(138.0| 3726
Useful Load 1427 286900 285400 215826
Gross Weight 3440 | 199.9| 687567 [200.0]687880|137.1|471654
Propellant
Jet Engine Fuel -360 | 200.0] -72000 {200.0| -72000 149.0|-53640
Rocket Fuel -540 | 200.0}-108000 [200.0 108000 135.2|-73008
Landing Weight 2540 {199.8| 507567 |200.0 507880 {135.8|345006

*The horizontal reference plane is a plane 200 inches forward of the plane
passing thru the of the side legs of the vehilcle.
The lateral reference plane 1s aplane 200 inches to the left of the plane
passing thru the of the forward and aft legs of the vehicle.
The vertical reference plane 1s the plane 138 inches below the center
line of the gimbal.
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TABLE IIIfu

WEIGHT  AND BALANCE SUMMARY

The calculation below 1s the weight and balance of vehicle less

the gimbal ring and the assocliated parts attached to 1it.

These items

are the engine and its accessories, the jet fuel tank, the jet fuel,
and the necessary mounting for these items.

| Lateral

~Horlzontal - Vertical
Welght Arm | Moment | Arm | Moment | Arm |Moment
Gross Welght 3440 | 199.9( 687567 |200.0| 687880 |137.1 k71654
Less:
Engine Gimbal Mount -213 -42600 -42600 -29053
Engine -623 ~-123479 L. 124226 -80367
Alternator - 32 - 6019 - 6586 - 4576
Engine Accessories
‘Inlet Duct - 9 - 1800 - 1800 - 1446
Inlet Bullet - 1 - 200 - 200 - 156
Fan inlet Duct - 17 - 3400 - 3400 - 2137
Air Bleed (4) - 16 - 3200 - 3200 - 1600
Engine PFuel Tank - 50 -10000 -10000 - Th0O
Jet Englne Fuel -400 -80000 -80000 -59200
Welght (not including 2079 | 200.5 416869|200.0 415868 (137.41285719
gimbal and asso-
clated parts)
Less: '
Rocket Propellant -250 | -50000 - | -50000 : -34535
Flight Weight (Vertical 1829 | 200.6| 366869]200.0 365868 {137.3|251184
C.G. at lowest
water line)
Less: ' ‘ '
Rocket Propellant -290 -58000 | -58000 o -38509
Landing Welght (including | 1539 | 200.7| 308869 |200.0 307868 |138.2 212675
10% residual)
Gimbal Ring Station 138.0
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Moments of inertia of the Lunar Landing Simulator are as
follows:

Takeoff Landing
I, = 2474 slug rt2 2473 slug ft2
I, = 2827 slug £t2 2551 slug ft2
I, = 3165 slug £t2 2662 slug £t

I and Iy do not include the gimbal ring and the assoclated

parts attached to it. These items are the englne and its accessories,
the jet fuel tank, the jet fuel, and the necessary mounting of these
items,

G. DUAL AND HORIZONTAL SEATING

Dual seating (see Figure III-8) may be obtalned by minor re-
arrangement of the simulator platform equipment. To convert the
single seat configuration to accommodate two men, the existing seat
support can be utilized. Two sections of floor panels adjacent to
each side of the ejection seat are removed prior to seat relocation.
The pilot's seat, control stick, and rudder pedal assembly 1s re-
located approximately 12.0 inches to the left of the vehlcle center
line. A second eJection seat is mounted to the seat support approxi-
mately 12,0 inches to the right of the vehlcle center line.

To accommodate research on manual flight control with the pillot'
seated in various attitudes from a vertical to a horizontal position,
an adjustable reclining seat can also be provided in either a single
or dual seat arrangement. Since flying in a horizontal position may
be more difficult, for flight safety reasons the reclining pilot should
be backed up by a co-pllot in an erect seat. Thus, the reclining
seat shown in Figure III-8 1s a dual seating arrangement with one seat
erect. 'The reclining seat 1s trunnion mounted close to its c¢enter of
gravity, A "fly by wire" side arm controller i1s mounted to the arm
rests so as to move with the seat. The reclining seat is Fitted with
a manually fired cartridge to rotate the seat to an erect position in
the event that emergency ejection 1s required.

For dual seating, propellants are offloaded approximately 30%
as follows:
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Gross Welght One-Man Version 3440
Plus: +307
2nd Man +200
Seat + 92
0, Bottle + 15
Minus: -307
Jet Fuel -102
Rocket Propellant -205
Gross Weight Two-Man ' 3440

In order to preserve vehlcle balance at the intersection of
the gimbal axes, i1t will be necessary to relocate other payload at
a position lower down the leg structure, when dual seating 1is used.

H. ALTERNATE CONFIGURATIONS

Durlng the evolution of the design presented in this report,
other configurations were examined and rejected. Drawings of these
configurations and reason for the rejection of each is presented
here. These drawings are not complete since each concept was
carrled only far enough to ascertain feasibility or desirability of
the concept.

1. C€J-610 (J-85) Engine (Figure III-9)

Initlal design 'studles of the simulator weré based on the use
of a single General Electric CJ-610 turbojet engine. This englne has
a takeoff thrust rating of 2850 1bs at standard sea level static con-
ditions. Although the desired balance was achieved with this config-
uratlon, the weight of the vehicle was estimated at 2707 1lbs. This is
well beyond the 1ift capability of the CJ-610 engine on a warm day at
an altlitude of 2000 ft. Although the addition of an afterburner to
thils engine would increase the takeoff thrust about 1000 1bs, the
additional hardware weight, the high specific fuel consumption, and
the large shift in engine center of gravity all resulted in a net
increase in payload capability of only about 100 1lbs.
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2. Twin J-85 Engines (Figure III-10)

The twin engine configuration has thrust more than adequate
to meet all payload and flight envelope requirements, even on a hot
day. However, considering the availabllity of the CF-700-2B engine,
which has adequate thrust for the job and a considerably lower SFC,
the two J-85 engine configuration was abandoned because of its re-
duced reliability and increased operational problems of balancing
performance of two engilnes.

3. Single Tube Leg

Although no layout was made, a study was conducted to compare
the drag and weight of a single tube leg versus the truss design.
It was determined that a 10-3/4" outside diameter, 7075-T6 aluminum
alloy tubing with .080" thickness had equal strength to the truss
construction. Drag is approximately equal to the truss leg but weilght

is calculated to be 50% heavier, therefore, this single tube design
was rejected.

4. Jet Fuel Tanks Outside of Gimbal Ring (Figure III-11)

Two different approaches were triled to replace the toroidal
Jet fuel tank with spherical tanks. The first approach was to place
spherical tanks on the vehicle structure outside of the gimbal rings.
Flexible lines are required to transfer the fuel from the tanks
around the gimbal bearings to the engine. Because a smaller gimbal
ring could be used and because the spherical tanks are more efficilent
than the toroidal tank, a decrease in weight was realized by this
conflguration. However, the large increase in polar moment of
lnertial due to moving the fuel mass farther from the center of
gravity eliminated thls configuration from further consideration.

5. Spherical Jet Fuel Tanks Inside Gimbal Ring (Figure III-12)

A design which replaces the toroldal tank with four spherical
fuel tanks clustered around the engine requires a change in the
gimbal ring from a circular to a square shape. The increased struc-
tural weight is prohiBitive.

6. Jointed Legs (Figure III-9)

Jointed legs with shock absorbers were compared with fixed
vertical shock absorbers on rigid legs. This configuration was ex-
amined because 1t appeared to give greater vertical motion to the
landing foot on impact, with a small shock absorber travel. However,
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the analysis described in Sectlon III.E of this report indicated
that under certain impact conditions, no shock absorption action
would take place and intolerable shock loads would result on the
rigid structural members.

This deslign was replaced by the currently proposed shear
mounted vertical shock struts,

I. JET ENGINE DESCRIPTION

The General Electric CF700-2B is an axial-flow, aft fan, Jet pro-
pulsion engine. It incorporates an 8-stage, axlal-flow compressor
driven by a two-stage reaction turbine; an annular combustlion sectlon;
a free-floating, single-stage aft fan; a flxed-area, concentric ex-
haust section and an integrated control system. Designed for commer-
clal or military applications, the CFTOOF-2B offers a high thrust-to-
welght ratio coupled with low specific fuel consumptlon.

One feature of the engine, and perhaps the most important one
from an operating standpoint, is its low specifilc fuel consumption.
The inclusion of the aft fan component, which increases mass alrflow
and decreases jet veloclity, gives the CF700-2B a large increase 1in
thrust over that avallable from a comparable turbojet, while consuming
the same amount of fuel. This factor significantly increases the
mission capablility of modern Jjet aircraft.

The bypass or fan type englne, which comblnes the best elements of
jet and propeller operation, has long been accepted as a means of in-
creasing turbojet performance. General Electric design engineers, by
perfecting the aft fan which is aerodynamically, but not mechanically
connected to the englne rotor, have solved the problems assoclated
with the use of the fan principle. Through the use of the free floating,
single-stage fan, optimum fan performance is reallzed wlthout compromis-
ing the performance or significantly changing the basic gas generator.

Another feature of the engine that contributes to lmproved alrcraft
mission capabllity is 1its light weight. Thls 1is made possible primarily
by efficlent design of structures and the use of sheet steel construction.

The high pressure-ratio, single-spool gas generator compressor in-
corporates varlable inlet gulde vanes and variable lnterstage bleed at
low speeds, enabling the engine to make rapld stall free acceleratlons
with a single rotor in the gas generator.

The engine uses the same gas generator as the General Electric J-85,
thereby providing the same ease of lnspectlon, assembly and disassembly
and the same economy of maintenance and overhaul as the J-85. The reli-
ability of the components has been proved by many hours of flight and
factory test.
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IV. STABILITY AND CONTROL

This sectlon describes the requirements, operation and design
of the control systems used to: a) tilt the vehicle; b) attitude
stabllize the Jet englne; c¢) automatically throttle the jet engine;
d) automatically compensate for drag and changes in vehicle weilght;
and e) provide adjustable stability to the vehicle attitude control
system.

Vehicle attlitude 1is controlled by hydrogen peroxide reaction
Jets operated by the pillot. Lateral translation is accomplished by
tilting the vehlcle and hence, tilting the thrust vector of the 1ift
rockets. Vertical translation 1s accomplished by pllot control of
the 1ift rocket throttle. The vehicle is attached to the engine
through a two-axis gimbal which effectively 1isolates vehicle pitch and
roll attitude motions from jet englne motions. A rigid connection
exlsts between the vehicle and the englne in the yaw axis, since
headling changes do not normally affect the verticality of the engine.
If the vehicle 1is tilted when a change in heading 1s commanded, the
Jet engine bleed air control system will maintain the verticality of
the jet engine by applying moments about the pitch and roll gimbal
axes,

Attitude stabillization of the jet engine 1s provided by autopllot
control of reaction Jets,using engine compressor bleed alr. The
engine thrust vector 1s nomlnally vertical except for the tilt re-
quired to compensate for the lateral drag force on the vehicle.

Jet engine thrust 1s controlled by programming throttle setting
to maintain thrust to weight ratio of 5/6 as jJet and rocket propellants
are expended. Vehilicle vertical drag component 1s compensateéd by
measuring drag and commanding throttle change to compensate.

A. DESCRIPTION OF CONTROL MODES

Centering actuators on the two gimbals between the vehicle and
englne provlide a capabillity of flying and landing the lunar vehicle
in the following modes:

1. Jet engine 1lift only with gimbals caged or uncaged.

2. Jet englne plus rocket 1ift with glmbals uncaged.

3. Emergency backup modes.
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. 1. Jet Engine Only

Operation with the Jet engine supplyling all of the 1ift
permits the conservation of rocket fuel durlng the portions of flight
which do not require simulation of lunar conditions. Operation in
this mode of flight can also be used as a backup in the event of a
1ift rocket failure.

With the gimbals caged, the attitude of the jet engine can
be controlled with the hydrogen peroxide reaction Jet attitude control
system, Lateral translatlion 1s accomplished by tilting the vehicle
and therefore the thrust vector of the engine. Vertical translation
1s accompllished by pilot control of the engine throttle. The engine
bleed alr nozzle attitude control system can be used instead of the
hydrogen peroxide Jet controls, to control vehicle attitude.

The englne bleed-air attitude control system is capable of
imparting angular accelerations on the engine and vehicle up to
0.4 radians/second? about the pitch and roll axes. Control about
the yaw axis in this mode would still be with the hydrogen peroxide
reaction Jjets.

With the gimbals uncaged, the Jet engine 1s stabilized to
the vertical by the engine bleed air control system; and the atti-
tude of the vehicle 1s controlled with the hydrogen peroxide Jjets.
Lateral translation 1s accompllished by pllot control of the engine
attitude with the engine bleed air controls. Vertical translation
1s by pilot control of the englne throttile.

2. Jet Engine Plus Rocket Lift

Operation with the Jet englne supporting five-sixths the
vehlcle welght and the 1ift rockets supporting the remaining one-sixth
of the weight 1s used when lunar gravity and vacuum conditions are
simulated.

In this mode of operation the gimbals are uncaged. The
throttle of the jet engine 1s automatically controlled about the 5/6-g
nominal setting to compensate for changes in vehicle welght and for
the vertlcal drag force on the vehicle. The engine bleed air control
system automatically tllts the jet engine about thé pitch and roll
axes to compensate for lateral drag on the vehlicle. The pllot
operates the hydrogen peroxide jJets to tilt the vehicle which also
tilts the 1ift rockets to accomplish lateral translations. The
cosine loss of vertical thrust 1s compensated by pllot control of
the 1ift rocket throttle. Vertical translation is accomplished by
pillot control of the 11ift rocket throttle.
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3. Emergency Modes

In the event of a failure in the 1ift rocket system, the
pilot shuts down the 1ift rocket system and takes over control of
the Jet engine throttle. Flight then continues as described under
Jet engine only control.

Should a faillure occur in the hydrogen peroxide control
system, the pilot shuts down the failed system and continues %to
operate with the redundant hydrogen peroxide system.

Should a faillure occur in the engine bleed air control systemn,
the pilot shuts down the bleed ailr control syste, cages the gimbals
and continues to operate with the hydrogen peroxide control system.

In the event of a fallure in the Jjet engine throttle servo
control system, the pilot manually overrides the servo with his
throttle quadrant and dlsconnects the throttle servo system.

A fallure in the Jet engine requires the pilot to initiate
emergency ejection,

Should a jet engine stabllization system fallure occur calling
for engine attitudes greater than 15 degrees from vertical, or greater
than 10 degrees from vertical in conjunction with a 5 degree per second
rate, the bleed air main valve will be shut off, a warning light will
notify the pllot, and the gimbal caging aCtuators wlll be energized.
The pllot will then control vehicle attitude with the hydrogen peroxlde
control system. Redundant attltude and raté sensors are used for
rellable indication of this type of fallure.

- Should a vehlcle electrical attitude control system failure
occur which calls for attitudes greater than 45 degrees from vertical,
or greater than 30 degrees from vertical in conjunctlon with a 5 degree
per second rate, a warning light will notify the pllot. The pilot
wlll then control vehlcle attitude with the manual control system.
Because the pllot is in the vehicle, it 1s expected that his attitude
and rate sensing capabillities will be adequate backup for indication
of this type of fallure.

The above fallure modes will be checked out thoroughly during
operational tests of the jet engine and vehic¢cle stabilization systems.
Preliminary tests on jet engine and vehicle controls will be made
with the vehlcle tethered.
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1. Vehicle Attitude Control

A major obJectlve of the lunar landing simulator flight
program 1s to determine the levels of control power and damping
that would be necessary and desirable for actual plloted soft lunar
landing missions. This objective demands that the lunar landing
slmulator have variable stability and control power which can cover
a sufficlent range to establish optimum levels. As an initial basis
for establishing these control power and damping levels, the results
of studies on VTOL systems - in and around hover - were examined.
Results of the more pertinent VIOL studles are summarized in Figures
IV-1, IV-2, and IV-3. These curves show boundaries of satisfactory
and unsatisfactory control power and damping determined in these
hovering and low-speed flight tests. The X-14 flight test and
Faye's (Reference A) simulator results shown in the figures, define
the boundaries between satisfactory and marginally acceptable control
based on a Cooper rating value of 3.5. The Tapscott curves
(Reference B) also shown are minimum acceptable boundaries based on
pllot opinion from a variable stability helicopter flight test pro-
gram., The fairly large difference in acceptable boundaries noted
from each of these studies must be attributed to the following
factors: 1) the maneuvering task performed in the study, 2) speed
stability of the vehicle (My ), which determines the sensitivity of
the vehicle to sts, and ) degree of simulation realism. More
recent studies (unpublished) conducted at Princeton University on a
variable stability helicopter have demonstrated the great importance
of vehicle speed stability, M, , (change in pitching mcment per unit
change in forward speed) on the control power and damping boundaries.
Their results show that increasing My shifts the acceptable boundaries
to higher levels of control power and damping. This speed stability
effect (M, ) could explain the higher control power boundaries deter-

mined by Tapscott. Since the intent of the proposed simulator is to

B. CONTROL REQUIREMENTS

Reference A - Faye, Alan E. Jr., "Attltude Control Requirements for
Hovering Determined Through the Use of a Plloted Flight
Simulator™. NASA TN D-792, 1961.

Reference B - Salmirs, Seymour and Tapscott, Robert J., "The Effects
of Various Combinations of Damping and Control Power
on Helicopter Handling Qualities During Both Instrument
and Visual Flight"., NASA TN D-58, 1959.
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Figure IV-1. Maximum Longitudinal Control Power

Report No. 7161-953001 , 55

117
1
5 H
H
a
JIX1ITTT 3
H 4+
3
- il
’ § 11 u
Y
» | I
| ¢ -nn
I
T
™
nm g
uan
as T ns
b .| e
HH
-
l :
8
X
amn .
P uN
Bt 4
A | .
1
I
® —
-~ -
)
une
¥
b ] 1 -4
1 T
» T
) ¥ 41 » 1
-t--_ . - E .
Ss aamm .
o
1 bw &1 D 1
T 1 W} 18 8
1 = . - 8
an . H
poted frpard -
IPIEEEY SEERN ARDAI
1
e
I : o Y




@ BELL AEROSYSTEMS coOMPANY

111 ) g
191 T
1
1
.
r+1 - IEESaEReSs janasal
H ]
8 - sy
" 1 a8 -
-1 — 1 B . IAS unN { ) B
asm » 8 . 11
H 2 man
4 -
-
11 I8
o
]
181 18 ¢ 1]
b . 1]
il E ﬂh- : -
H as
sea 3 1
asa 3 1
[ .
HH
s 88
asm
= H
o
H 1
y 4
. 4
H A
H aSEws: =n
T HH 0
<1lr
s =ttt ~+
1
) § -+ 44
¢ an wan
——
11
 §
4

Il
» 41

nal
T
) §

Figure IV-2. Maximum Lateral Control Power

Report No. 7161-953001

56



@ BELL AEROSYSTEMS COMPANY

H

-

un

Ju

e

LA
L

—+H
|

Figure IV-3. Maximum Directional Control Power

Report No. 7161-953001

57



BELL AEROSYSTEMS comMmPANY

DIVISION OF BELL AEROSPACE CORPORATION

reduce aerodynamic effects to very small levels (near zero My, ),
the X-14 boundaries are considered more applicable to this
vehlcle'because of the low value of M, inherent in that vehicle.
However, another major difference between the VTOL aircraft and

the proposed simulator vehicle is that when hovering and maneuver-
ing a VIOL, translational accelerations are more sensitive to atti-
tude change than they would be for the proposed simulator. A given
attitude change in a VIOL effectively tilts a 1.0-g thrust vector
whereas attitude changes in the simulator effectively tilt only a
1/6-g thrust vector. This effect may explain the lower values of
control power found to be optimum for the vehicle from the analog
Simulatlion studles conducted on this contract - discussed in detail
in Section IV.F.

Based upon these VTOL and helicopter handling qualities
studles, 1t was felt that the variable attitude control power pro-
vided in the simulator should cover a range up to approximately

1.0 rad/sec2 about all three axes. The lower limit of variable
control power provided is approximately .05 rad/secg. Studies of
actual lunar landing vehicles indicate that the actual vehicle will
be limited to values of attitude control power of .1 rad/secs or less.
Therefore, the variable control power provided in this simulator will
cover a range well above and well below this region.

The results of preliminary piloted analog simulation studies
for thls simulator, conducted during thils contract, have indicated
that optimum control power levels are near .3 rad/sec=, These re-
sults are presented and dilscussed in detail in Section IV.F. The
range of control power presently selected for the simulator are
summarized in Table IV-1.

| TABLE IV-1
SUMMARY OF ATTITUDE CONTROL POWER PROVIDED

Cont ' '
221201 ¥§2§§§a°f Control Power (M/I) Rad/Sec?
(S1ug-Ft?) Minimum Maximum
Pitch 2827 étakeoffg .0l .79
2551 (landing .Olily .88
Roll 2474 Etakeoffg .ols .905
2473 (landing LTS .915
Yaw 3165 2takeoff .035 71
2662 (landing .Ol2 .84
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The levels of damping, Mq/I, provided in the control system are
practlically unlimited as will be discussed subsequently.

The system also must provide the reaction moments needed
to counteract the following moments and disturbances:

a. Jet thrust misalignment with the
center of gravity @ nominal thrust 100 1b-ft

b. Lateral accelerations from engline tilt
acting on the vehlcle center of gravity 25 1b-ft

c. Drag moments resulting from center of
pressure not being at the center of mass 330 1b-ft

d. Dynamic unbalance because of asymmetrical

configuration 5 1b-ft
e. Englne tilt torques transmitted through

gimbal friction 3 1b-ft
f. Unbalanced thrust from 1ift rockets 140 1b-ft

The vehicle attltude control system provides the pllot with
the capablility of tilting his vehicle 430 degrees about the pitch
and roll axes and 360 degrees about the yaw axes. Controlling tilt
to an accuracy of 1.8 degrees will permit the pilot to control
lateral accelerations to a threshold of 0.005-g. To ensure that the
pllot does not have to Jiggle his control stick at high rates in order
to maintain this accuracy, the minimum angular acceleratlon threshold
of the control system should be less than 0.05 radians/second2,

Using the pilot response time of 0.2 second and a dead zone of_il.8
degrees, the corresponding 1limlt cycle will be about 5 cycles per
minute.

2. Jet Englne Attltude Control

The attitude stabllization system for the Jet englne provlides
the reaction moments needed to counteract the followling moments and
disturbances on the jet englne:

a., Thrust misalignment with the center
of gravity 17 1b-ft

b. Lateral vehlicle maneuvering acceler- 100 1b-ft
ations acting on the engine center of
gravity (which i1s below the gimbal
center line).
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¢. Drag moments resulting from air flow

into the englne inlet (see Section IV.D). 210 1b-ft
d. Engine gyroscoplc moments. 4 1b-ft
e. Vehlcle maneuvering torques transmitted

through gimbal friction. 3 1b-ft
f. Dynamic unbalance about the two glmbal axes. 2 1b-ft

An additional torque of 30 1b-ft 1s required to meet the
response bandwldth of the control system. Attitude commands which
deflect the engline from the vertical to compensate for drag forces
on the vehlcle can occur at rates up to 10 degrees per second during
a turn maneuver. In lateral flight, engine attitude rates to com-
pensate for drag forces will be less than 1.7 degrees per second.
During lateral maneuvers the disturbance moments acting on the engine
as a result of lateral accelerations acting on the engine center of
gravity which 1s below the gimbal center line can occur at rates
correspondling to the pllot's response capability in the operation
of the vehicle control system. Using a pllot response time of 0.2
seconds the moment rates required from the engine attitude system
wlll be 500 1b-ft per second. Torque rates required to counteract
the drag moments resulting from alr flow into the engine inlet will
be less than 31 1b~ft per second.

To keep lateral uncertainty accelerations below the pilot's
perceptible threshold (0.005-g) (Reference C), the engine should
follow attitude commands with an accuracy of 20 minutes of arc., To
keep uncertainty accelerations due to angular motions below 0.005-g
at the accelerometer location, the l1limlt cycle frequency, for a null
uncertalinty of 20 minutes of arc in the control system should be
less than 3.8 radians per second.

The attlitude of the engine should be capable of being de-
flected 410 degrees from the vertical about two perpendicular axes
in the horizontal plane to enable it to compensate for drag effects
at lateral velocities up to 70 ft per second.

Reference C - M. F. Marx, Adaptive Controls, Proceedings of the Self-
Adaptive Flight Control Systems Symposium; WADC
Technical Report 59-49, March 1959,
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The drag compensatlon system provides the means for
measuring the drag forces on the vehicle and for providing signals
to drive the Jet engine attitude and throttle controls to nullify
the drag effects on the vehicle,

To obtalin a realistic simulation, the effects due to atmo-
Spheric drag should be reduced to 0.005-g. A vehicle tilt angle of
1.7° is required for 1ts rocket 1ift englnes to counteract this

.005-g drag force. 1.7° is below the threshold which the pllot can
sense.,

3. Jet Engine Throttle Control

The throttle control system for the Jet engine provides the
means for automatically positioning the throttle quadrant in re-
sponse to commands from the vehlcle welght programmer and vertical
drag sensor.

The welght programmer is capable of commanding a total change
in englne thrust of 900 1lbs at rates up to 1.7 1bs per second. The
vertlcal drag sensor 1s capable of commanding a total change in
engine thrust of 600 lbs at rates up to 94 1bs per second.

To keep vertical uncertainty accelerations below 0.005-g, the
engine throttle control should follow thrust commands with an
accuracy of 15 1bs.

A manual throttle is used by the pilot to bring the thrust
of the engine up to the 5/6-g value. The automatic throttle control
is then engaged and operates the throttle about this nominal setting.

Limit stops and pllot indicators are provided with the throttle
servo to prevent the control system from commanding thrust changes in
excess of 1500 1lbs and to notify the pilot in the event of a failure
so that he can disengage the automatic system and operate manually.

The output torque from the throttle servo is sufficient to
posltion the throttle at the maximum rates of command, and yet low
enough to enable the pilot to override the automatic throttle servo
when he so desires, by approximately doubling his normal force at
the throttle. A response bandwldth greater than 4 radians/second
1s required of the servo.
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C. DESCRIPTION OF FLIGHT CONTROL SYSTEMS

A block diagram of the flight control system for the lunar
landing simulator is shown in Figure IV-4. It consists of the pillot,
his flight indicators, selector panels, control stick, pedals, 1ift
engine throttle quadrant, the vehicle stabilization system, the Jet
engine stablilization system, and the Jjet engine throttle system.

In operation, the pilot selects a mode of control and moves his

control stick, pedals, and the throttle quadrant in response to what

he sees through his window and on his flight instrument panel.
1. Vehicle Stabilizatlon System

The vehicle stabllization system conslsts of two manually
controlled hydrogen peroxide reaction Jet systems mechanically and
electrically linked to the pllot controls.

The manual control system consists of the pillot control stick
and pedals which are connected by linkages to two sets of valves which
meter hydrogen peroxide to the pitch, roll and yaw reaction jets. The
system also includes the 1lift rocket throttle quadrant which is
connected by linkage to the two valves which meter hydrogen peroxide
to the two 1ift rockets.

A conventional center mounted pllot control stick is used.
It commands proportional pitch attitude accelerations when moved fore
and aft, and proportional roll attitude accelerations when moved
laterally. Motions of the pedals command proportional yaw attitude
accelerations.

The manual valve used to meter the hydrogen peroxide to each
pair of attitude Jets 1s the same for each axlis. The valve consists
of a closed center bi-directional spool which meters propellant to
elther one of the opposed pair of Jjets. Two sets of palred Jets are
used for each axis. The system can thereby provide true moments on
the vehicle without translation, and in case of fallure of one pailr
of jets, the other could stlll provide attitude control sufficlent to
safely land the vehicle.

The 1ift rocket throttle quadrant 1s located on the left side
of the pllot. The thrust of the 1ift rockets 1s proportional to the
poslition of the throttle quadrant.

The manual valve used to meter the hydrogen peroxide to the
11ft rocket is a larger version of that used for the attitude control
system.
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The electrical control system consists of a potentiometer on
the control stick which provides an electrical slgnal to the vehicle
electronic package to actuate the solenoid valves which meter hydrogen
peroxide to the same pitch, roll and yaw reaction Jets as are used in
the manual system, 1.e., the solenoid control valves are connected in
parallel with the manual valves,

On-off solenold valves are used to meter the fuel to the
piteh, roll and yaw jets. To provide a vehicle angular acceleration
which 1s proportional to control stick position, the signal from the
control stick potentiometer i1s used to modulate the width of a one-
second pulse in the electronic package. The duration of the pulse
determines the angular veloeclty increment added to the vehicle during
each second. The one-second maximum width of the pulse 1s adjustable
to enable the pilot to select a width which 1is compatible with his
response and range of control.

A total of 16 on-off solenoid valves are used, one for each
Jet nozzle. 1In addition to being used in the electrical mode of
operatlon, the solenoid valves also receive the signals from the
variable stability system,

2. Variable Stabllity System

The varlable stability system consists of the rate gyro and
the attitude gyro loops in the vehicle attitude stabilization system.
Similar loops are used in each of the pitch, roll and yaw channels,
therefore a description of one will suffice for all three.

The rate gyro provides an electrical signal to the electronic
package. The analog signal is converted to a time modulated pulse
which 1s used to actuate a hydrogen peroxide valve and jet to impart
an increment of angular veloclty to the vehicle., A switch in the
capsule allows the pilot to choose the sensing of the feedback signal,
negative for increased damping and stability, or positive for greater
instability. The sensitivity of the feedback signal 1s made adjust-
able by a potentiometer on the pilot's selector panel. At zero
sensitivity or potentiometer rate gain setting, the attitude control
system 1is essentially an acceleration command system. The sensitivity
of this system 1s adjusted by varying the excitation voltage on the
control stick potentiometer. With the rate feedback gain at its
maximum negative value the attitude control system corresponds to a
velocity command system, and the sensitivity of this system is adjust-
able by changing the rate gain setting. :

The attitude command switch on the pllot's panel permits the |
pllot to change the sensing of the attitude feedback signals from the |
attitude gyros and gimbal potentiometers, negative for static stability |
and positive of static instability simulation. An attitude gain
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potentiometer on the panel permits the pllot to adjust the attitude
loop galin as desired, With the gain set at its maximum value, the
attitude commanded 1s proportional to the positlon of the control
stick and the response bandwidth of the control system 1s greater
than that of the pilot whereas at the very low gain settlings the
system can be very sluggish to attitude commands and will act more
like a velocity or acceleration command system depending on the rate
feedback gain setting.

3. Jet Engine Stabilization System

The jet engine stabllizatlion system 1s shown in in Figure
IV-5., It contains engine compressor bleed alr Jets which are servo
controlled to a vertical gyro reference, and to the pllot's englne
attitude controller. Electrical signals from the vertical gyro pltch
and roll transducers and from the controller are shaped in the englne
electronic package to drive an electric actuator which controls the
bleed air nozzle openings.

The vertical gyro 1ls mounted to the englne supporting
structure. Four orthogonal structural extensions located in a hori-
zontal plane support the constant bleed air nozzles and provide the
desired torque arms. Two nozzles are used for pitch and another two
for the roll axis. Thils arrangement maintalns a constant demand on
the bleed air supply thereby minlmlzing thrust variations 1n the Jet
engine,

The englne electronlc package 1s designed to also recelve
signals from the 1ift rocket throttle position potentlometer, the
vehicle attitude gyros and potentlometers and the drag compensatlon
system. The inertial acceleration of the vehicle 1s computed from
the attitude and throttle position signals. X, y, and z accelero-
meter signals are subtracted from the computed inertial acceleration
to determine vehicle drag. The computed drag signal along the x and y
axes are supplied to the pitch and roll axes bleed alir nozzle servos
respectively to tilt the englne in a direction to nullify the drag
signal, The z-axls signal 1s supplled to the Jjet englne throttle
servo in a direction to nullify the drag signal.

Two rate gyros are mounted to the engine structure to measure
piteh and roll rates. These signals are needed to damp the Jet engilne
attitude stabllization loops in the linear operating ranges of the
system and to constrain the limit cycle in the null or dead zone range
of the control system.
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A free gyro will be used for the Jet engline and vehicle
vertical reference. Several low cost mass produced, flight qualified
autopllot gyros are available which can be erected by a bubble pendulus
reference prior to takeoff to an accuracy of better than 1/4 degree.
A 1/4 degree error in jet engine attitude would be automatically com-
pensated by the pilot, durlng simulated lunar flight, by tilting the
vehicle approximately 1-1/4 degree in the opposite direction. This
1s below the threshold which the pllot can detect. With the erection
circuit dlsconnected, the drift rate of a typical autopilot gyro will
be 0.1 degree per minute, which would allow a reference error of

1.0 degree 1in a ten minute flight. Since this error cannot be
tolerated, it would be necessary to maintain continuous gravity ver-
tical erection during flight, as is standard practice in aircraft and
hellcopter autopllots. '

The simulatlon can be improved by uslng a very low drift
rate free gyro such as the Minneapolis-Honeywell GG-87. This is a
miniature integrating gyro particularly well suited to strapdown
guldance applications. The present deslgn has an input freedom of
+10 degrees, although +60 degrees 1s possible. This gyro will have a
drift rate of one to two degrees per hour without trimming. By
trimming before flight the drift rate can be reduced to about 1/10
degree per hour.

The cost of this gyro 1s an order of magnitude greater than
the conventional autopilot gyro, and the gyro must be temperature
stablllzed.

Further analysis 1s required to determine whether an aircraft-

type autopilot or a low drift free gyro should be used in this appli-
cation,

A stabllized platform, mounting three orthogonal gyros could,
of course, provide excellent attitude information. However, the cost
and delivery schedule for presently available platforms, which weigh
less than 100 1lbs, would not be compatible with early and low cost
vehlcle delivery.

The drag compensation system computes the accelerations which
would result 1n the absence of drag, compares this with measured
actual lateral accelerations, and applies the difference as a command
to tilt the Jjet englne and/or drive the engine throttle to reduce the
difference to zero.

The product of the signals from the 1ift rocket throttle
poslitlion potentiometer and the attltude sensors determines the commanded
acceleration. Instrument servos are used to provide this computation.
Three orthogonally mounted accelerometers measure the x, y and z
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components of acceleration. The signal from the accelerometers
1s subtracted from the computed signals and the difference 1s used
to drive the jet engine throttle and bleed air nozzle servos.

The thrust from the 1ift rocket engines i1s repeatable within
5% with throttle setting, and for the operating range, the attitude
of the vehlicle 1s measured within 2%. These errors result in a com-
puted acceleration uncertainty of 0.009-g. The measured acceleration
has an uncertainty of 0.0l-g due to the threshold of the accelerometers.

Another scheme considered for the drag compensation system in-
volved the use of pressure probes. This scheme requires the use of
multiple fixed heads or one weathervaning head. Pressure transducers
for thls low range of pressure are not readily available for this type
of application, and the use of anemometers results in questionable
accuracy if the anemometers are fixed, and increased complexities if
the anemometers are positioned into the velocity vector.

The third method of providing compensation for the atmospheric
effects 1s to use a computer to determine the required additional
thrust. 1In this method, the acceleration to be expected under lumar
conditions for any throttle setting 1s determiend beforehand. With
this acceleration value known for a throttle setting, the added thrust
required to overcome the atmospheric drag 1s computed as a function of
the time during which the throttle setting is maintained.

The calculation of the required drag compensation as a function
of the throttle settings is probably the least complex of the methods
considered. However, this method will faill to perform realistically
if the performance of any ofl the thrust devices deviates from that ob-
tained in the calibration of the throttle settings, and the error will
be integrated and increase with time.

The accelerometer method has been tentatively selected, but a
search for a suitable weathervaning probe will continue.

4. Jet Engine Throttle Control System

The basic block diagram for the thrust control system is
shown in Figure IV-6, The command signals to the servo system originate
from the aerodynamic drag computer and the weight programmer. These
signals are used to actuate a position servo system which moves the
Jet engine fuel control linkage in response to the commands., The fuel
control linkage 1is mechanically coupled to the engine and the throttle
quadrant so that both are moved in response to position changes of the
servo output shaft.
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The system 1s designed to have two complementary operating
modes, the synchronlzing mode and the command mode.

a. Synchronlizing Mode

With the synchronizing mode engaged, the plilot sets the
Jet engine throttle manually to the desired level, using the throttle
quadrant and thrust indicator. In additlon to adjusting the engine
throttle, the throttle input signals are entering the control system
and are being established as reference values. Silnce the coupling
between the engine linkage amd the servo motor shaft 1s not engaged
at this time there is no coupling between the servo and the fuel con-
trol linkage. This also reduces the load on the servo motor and
synchronization 1s accomplished with minimum elapsed time since the
motor 1s running at maximum speed. When synchronization is complete
the servo motor 1s stopped and the existing inputs are established
as reference values, When the command mode 1s engaged there will be
no transients to the fuel control linkage and therefore no undesirable
vehicle maneuvers.

b. Command Mode

Engaging the command mode is effected by coupling the
servo motor to the fuel control linkage. 1In this mode the fuel con-
trol linkage position, and therefore engine thrust, 1s changed auto-
matically to properly compensate for vehlicle weight change and aero-
dynamic drag change. The system 18 designed in such a manner that
the pilot can readily overpower the command mode in the event of a
malfunction or if it 1s necessary to make a gross power change.

Manual override 1s accomplished by decoupling the servo shaft from the

fuel linkage without de-energizing the system. The system will therefore

continue to operate 1n the synchronize mode and will be ready if the
pllot desires to re-engage it. However, the pllot as well as system
fall safety interlocks will have the capability to completely disengage
the system.

5. Electronic Subsystem

The electronlc subsystem comprises the Vehicle Electronics
Assembly: (VEA) and the Engine Electronics Assembly (EEA). The elec-
tronlic subsystem converts the attltude and throttle signals from the
electromechanical transducers to sultable signals for use by the
control system's servos.

a. The Vehlicle Electronic Assembly

The Vehicle Electronic Assembly (VEA) is used to combine,
amplify and convert the attitude command signals for lintroduction into
the reaction control servos to position and stablilize the vehicle in
pltch, roll and yaw,
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Consequently, the VEA can be described as housing three
ldentical sets of electronics, one for each of the three attitude
control servos. Each channel consists of two A.C. signal amplifiers,
two demodulators, one summing amplifier, and an analog to digital
converter (Figure IV-T).

The operatlion of each channel can be briefly described
as follows (Figure IV-8):

When the pllot issues a command to change the vehicle's
attitude, this 1s transmitted electrically by means of an infinite
resolution potentiometer, energlized by a D.C. voltage, to the VEA.
Thls command is then transmitted through a summing amplifier to the
analog to digital (A-D) converter where 1t is converted to a pulse
wldth modulated signal and applied to the reaction Jjet servo valves.

The momentum imparted to the vehilicle by the reaction Jets
causes an angular change in the vehicle positlon about this axis which
is sensed by the attitude gyros. This position attitude change 1s re-
flected by a change in the A.C. signal level of one of the gyro synchro
plck-off axis., Thls electrical signal is amplified and then converted
to a D.C. signal in a demodulator. The demodulator output represent-
ing the position feedback signal is added algebraically to the command
signal in the summing amplifier. To insure stabllity of the servo
loop, a rate gyro signal proportlional to the rate of change of the
vehicle's positlion is also added in the summing amplifier., Because the
rate signal from the gyro i1s also an A.C. signal it 1s first amplified
and then demodulated.

The on-off operation of the reaction jets requires a de-
vice which will convert an analog control signal into a pulse, the
duration and phase of which 1s proportional to the magnitude and phase
of the signal.

The schematlc for this device 1s shown in Figure IV-9.
The input signal from the summing amplifier 1s coupled to a bridge
rectlifier to produce a negative signal. This negative signal is
summed with a positive saw tooth and applied to the base of Q;. The
saw tooth swing is from +1 to +28 volts so that with zero volts out of
the bridge rectifier Q; is always in conduction and the collector

voltage 1s approximately zero. As the negative voltage at the output
of the bridge rectifier increases Q) 1s cut off for a portion of the

saw tooth cycle, producing positive output pulses. The saw tooth
period will be one second duratlion and the output pulse width will
vary from 20 milliseconds to 950 milliseconds.
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The output from the pulse width modulator is coupled to
an emltter follower Q,, Two outputs are fed from Qo through Ry and Ro.
These outputs are controlled by the action of Q3 and Q4 through Cgry and

Cro. With the input line positive Q3 1s conducting and Qy cutoff,
hence, the output end of R; 1is grounded through Cp; and Q3 and no

pulse appears, while with Qy cutoff Cro 18 1in a nonconducting state

and an output appears at Ro. With the input line negative QB is

cutoff and Q) conducting causing an output to appear at Ry. The outputs

of Ry and Ry, are power amplified and fed to their respective servo
valves,

b. The Engine Electronic Assembly

The Englne Electronic Assembly provides the means for am-
plifying, combining and converting the gyro and accelerometer signals
transducing the jet engine attltude, motion, and thrust, and applying
them to the appropriate servos.

The Englne Electronlics Assembly 1s comprised of three
channels, pitch, roll and thrust control. The pitch and roll channels
are ldentical in their configuration and component parts. Each
channel consists of 2 A.C. amplifiers, 2 demodulators, 1 summing

ampligier, 1 drag computer servo, and 2 bleed valve servos (Figure
IV—lO °

The Jet engine's attitude 1s measured by a vertical gyro

- and converted to an A.C. signal by its pick-off. This signal 1s then

amplified and demodulated, thus converting the low level A.C. signal
into a high level D.C. signal. It is then transmitted through a
summing amplifier to a bleed servo, which provides the necessary power
to operate the engine bleed valves causing the repositioning of the
Jet engine's attitude.

The attlitude gyro signal 1s corrected by a D.C. signal
from the drag computer servo, an accelerometer D.C. signal and a D.C.
rate gyro signal. These signals are all summed algebralically by the
summing amplifier. Since the rate gyro plck-off signal is A.C., 1t
is first A.C. amplified and then demodulated before it is summed with
the other signals.

The computed drag signal 1s derived from an electomechanical
servo whilch positions an infinite resolution potentiometer as a function
of rocket engine thrust. The electrical input to the potentiometer
represents the engine attitude angle; thus the output of the potenti- -
ometer represents the product of the thrust and the engine attitude, i.e.
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inertial acceleration., The servo is packaged as & separate plug-in
module to facilitate maintenace and replacement. Because the drag
computation must be performed as a function of pitch and roll, two
such servos are required.

The Jjet engines thrust 1s controlled by a throttle servo
whlch accepts an amplified A.C. signal from the accelerometer.

¢c. The Electronic Circultry

The electronic circultry 1s all solid state (demodulator
excepted) and utilizes silicon semiconductors excluslively. As a con-
sequence the power consumption 1s kept low and reliability is high.
The order with which the electronic operations of amplification, de-
modulation and summing are performed insures a temperature stable,
low noise operation with a minimum of circultry. The ruggedness of
the circult design makes it insensitive to variations in power supply
voltages and requires no component selection.

The amplifiers and demodulators are identical to those
used in the Vehicle Electronic Assembly, and except for a gailn setting,
are directly interchangeable.

d. Packaging

All electronlc circultry, with the exception of the power
supplies and the servo 1s mounted on printed circuit board to facili-
tate interchangeability and maintainabllity.

The printed cilrcult cards are guided into their receptacles
by spring loaded guide rails which assure positive contact of the
connectors and prevent vibratlon interference.

The Engine Electronics Assembly is mounted to the engilne
structure and is therefore vibration isolated. The EEA weighs 15 1lbs
excluding the power servos and is 6" x 8" x 8" in size. Its power
consumption 1s approximately 10 watts and, therefore, no special
cooling provisions are incorporated. This unit 1s sealed against
moisture. '

The Vehicle Electronics Assembly will be 6" x 8" x 8" in
size and will welgh approximately 10 lbs. The power consumption of
thils unit will be approximately 30 watts. This heat will be dissipated
via conversion. The combined power consumption of the gyros accelero-
meters and power servos ls estimated at 150 watts.
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e. The Preamplifier

A schematlc of the proposed preamplifier ls shown in
Figure IV-11, It 1is composed of three stages of amplification and a
buffer stage. The specificatlons for the amplifier are as follows:

Gain: 2000 adjustable 5:1 ratio
Gain Stability: +5%

Linearity: 1

Bandwidth: 300 - 500 cps

Input Impedance 50K ohms

Output Impedance: 500 ohms

Noise: 2.5 volts referred to lnput
Saturation: 10 volts

f. The Demodulator

A schematic of the proposed demodulator is shown in
Figure IV-12. It 1s composed of a transformer,an RC network for phase
adjustment and an electromagnetic chopper. This circult 1s perferred
for this application because drift and noise which are inherent to
solid state demodulators are thus circumvented. The reliability of
choppers 1s such that they are not expected to adversely affect the
design.

The demodulator 1s designed to meet the following
specifications:

Null Offset: 10 volts

Nolse: © 100 volts

Linearity: 1%

Saturation: 10 volts ‘
Power: 6.3 volt A.C. - 400~ 30 ma
Galn: 0.5

Phase Shift: 50

g. The Summing Amplifier

A schematic for the proposed summing amplifier 1s shown
in Figure IV-13. Dlode temperature stabilizatlon is used, and this 1is
supplemented by feedback providing a high input lmpedance.

Input Impedance: 100K

Gain: 1
Gain Stability: +5%
Saturation: 10 volts

Qutput Impedance: 2K ohms
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h. Power Supply

The power supplies (Figure IV-14) are +30 and -30 volt
D.C. and require only a zener diode for regulation. The following
specifications apply:

Input voltage: 115 volt 400~ A.C.
Output voltage: +30 volts +10%

-30 volts +10%
Ripple voltage: 1%

D. ANALYSIS OF AERODYNAMIC DRAG AND MOMENT CHARACTERISTICS

1. Baslc Vehicle Drag, Lift and Pitching Moments

Calculation of the aerodynamlic characteristics of the pro-
posed configuration 1s not a simple analytical process. To facllitate
the necessary analyses, some basic assumptions were made. These en-
abled a reasonable estimate of the aerodynamic parameters of this
unconventional type aircraft.

For the purpose of analyzing aerodynamic 1ift, drag, and
moments, the cross flow drag theory was employed to evaluate the drag
and 1lift coefficlents of all the circular cylinders that are the
major basic components of this configuration. At an angle of attack,
K , the flow pattern and dynamlc pressure forces on these cylinders
correspond to the velocity component in the direction normal to thelr
axes.

Thus s CN = _q_'s_}l_f = CDC Sined
re

where CDC = cross flow drag coefficlent of a circular cylinder.
This normal force is then split into its drag and 1ift components

Cp = Cp sind« Cp = 1.1 sin3c  + .02 (including
c o friction drag)
- 2 : i 2
CL = CDc sin“( cosd CL 1.1 sin“d cosa
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Experimental results on wires, cables, and cylinders (at
subcritical Reynolds Numbers) confirm the prediction very well after
adding the frictional component. To simplify the theoretical analysis
of the aerodynamic characteristics, 1t was assumed that there is no
Interference drag. Thils type of drag 1s present when two or more
bodies are placed one behind the other, or in close proximity to each
other. Strict calculation of interference drag would be complicated
and specific methods to solve such problems would be qulte involved.
Although interference drag is neglected, the method used is expected
to give a reasonable estimate of the forces and moments acting on the
vehicle. It 1s apparent however, that for this type of configuration
an accurate determination of all the aerodynamlc forces can best be
obtained from wind tunnel testing.

Utilizing the drag and 1ift equations previously discussed,
an IBM program was lnitlated which provides a rapid and convenlent
method for calculating and tabulating the aerodynamic characteristics
for the complete structural portion of the vehicle. This data is ob-
tained for varying angles of attack, X , and yaw angles,f . The
program tabulates total axlal, side and normal force coefficients
along with total pitch, yaw, and roll moment coefficients. These co-
efflicients are obtained for body, ‘stability and wind axes. The program
1s sufficiently flexible so that any structural change in the vehicle
requires only the new X, y, and z cobrdinates for each end of the new
or altered member. With this new Information added to the program,
revised force and moment data for the complete vehicle 1s qulckly
available. This affords rapid aerc-analysis of structural changes to
be made with relative ease since a complete analysis of the configura-
tion can be made in a relatively short period of time.

Drag estimates calculated for the capsule by the method
Just described were added to the drag estimates for the engine (dis-
cussed in a subsequent section), and the totaldrag 1s shown in’
Figure IV-15 as a functlon of veloclty and angle of attack,& .
Filgure IV-16 shows that there is no significant effect of sideslip
angle on the vehicle body axis drag. Filgure IV-17 shows the calcu-
lated vehicle normal force as a functlon of velocity and angle of '
attack. Several factors, which due to theéir complexity in calculating,
have not been included in these estimates. These would be interference
drag and drag due to the gusset plates used at the terminal Junctions
of the cylinders. The causes and effects of this drag were previously
discussed. The effect is best determined from experimental test data.

The method of drag compensation is to command a Jet engine

tilt angle in the direction of motlion, based upon error signals between
command and actual acceleration. The magnitude of tilt required is
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dependent, of course, upon total vehicle drag. The tilt angles
required are shown in Flgure V-7 as a function of vehicle velocity

and are based upon the drag estimates Jjust discussed. The limiting
lateral velocity - from considerations of drag compensation - is the
engine deflectlon angle. A tentative deflection 1limit of 12° has

been established which would limit lateral velocity to approximately

70 ft/sec. The vehlcle aerodynamic 1ift or normal force has a maxi-
mum value of approximately 150 1bs (.05-g's), at a vertical veloclty of
50 ft/sec (K = 90°). This effect is compensated by the englne throttle
command system.

The vehlcle aerodynamic moments calculated for the present
design configuration are shown in Figure IV-18. These moments are
conslderably greater than that desired for good simulation at the
higher speeds. Analyses were, therefore, made of several design
modifications to reduce these moments to tolerable levels. (Tolerable
1s construed to mean moments produced at the highest flight speed
(V. == 70 ft/sec) requiring only 10% to 15% of the single system
attitude control available (220 to 330 ft/1b). Methods that were
considered were: 1) greater inclination of the support legs with
respect to the vertical, 2) reduced leg length, and 3) use of
elliptic cross-sections for the struts. Of these methods, the greatest
reductlion in moment was achieved by the greater inclination of the
support legs. The analysis showed that the three main struts on each
leg contribute the largest moments. Increasing the inclination rela-
tive to the vertical has a powerful effect since their normal force
decreases as well as the center of pressure location relative to the
center of gravity. Figure IV-19 shows the reduction in moments versus
velocity as the legs on the present configuration are moved out an
additional 10° and 20° respectively. This reduces the moments sub-
stantially so that their effect on the vehicle 1s significantly re-
duced with a minimum configuration change, each of the four legs were
reduced in length by an arbitrary 12 inches without altering their
present posltion. These results indicated the per cent change in
center of pressure to be quite small, approximately 2.5%, so that in
order to obtaln significant reduction in aerodynamic moments, a larger
leg length reduction would have to be considered. (The effect of
using elliptical cross-sectlons in the main support members was found
to be detrimental. The cross-sectlon size required for structural
rigidity was such that the added drag and moments of the two legs 1in
which the major axis was normal to the flow direction was greater than
the reduction realized in the other two legs.) A comparison of these
methods indlcated that the first 1s much more effective in obtaining
greater reduction in aerodynamic moments. The very large reduction
in moments possible due to leg inclination, together with other re-
ductlons due to placing certain of the cross struts at more favorable
inclination angles, indicate that aerodynamic moments can be reduced
to tolerable levels., The theoretical moment predictions are considered
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somewhat conservative since interference drag will probably have
1ts greatest effect in the upper vehicle regions such as to further
reduce moments,

2, Engine Drag and Pitching Moments

The aerodynamlc drag and piltchlng moments produced on the
engline during horizontal translational flight result from two sources.
One 1s the drag and pitching moment produced by the momentum change
due to turning the air into the engine intake,and the other is that
due to the external drag of the engine and its components. Of these,
the drag and moments due to momentum change are much greater. The
engine configuration that was selected for the lunar landing simu-
lator has two inlets - turbojet and turbofan - which permlt locating
the gimbal axis so that the moments due to momentum drag of each in-
let offset each other to a large degree. The ideal situation would,
of course, be a gimbal axls location which not only balances all
aerodynamlc moments to zero but also all lnertial moments, i.e., on
the englne center of gravity.

An important factor in determining the magnitude of moment
due to momentum drag is the shape of the inlet. A large radius inlet
wlll develop larger aerodynamic moments because of the additional
pure couple that 1s produced by the suctlon pressures acting on the
windward lip and the stagnatlion pressures acting on the leeward 1lip.
Estimates were made of the drag and pltching moments of the selected
engine to inlet momentum change based upon wind tunnel test data
(NASA TN D-995) and other Bell Aerosystems Company tests of powered
ducted fan model configurations, in which the engine axls was normal
to the flow direction. These data covered a range of thrust coeffi-
clents and inlet shapes generally representative of the present engine.
These data were used to correlate the effective center of pressure
location (above the inlet) as a function of thrust coefficlent and
inlet shape. The moment produced due to translational velocltlies
(normal to engine axis) is then equal to the momentum drag, m Ve ,

(mass flow times free stream velocity) multiplied by the vertical
arm, Z, from center of pressure to gimbal point. Moment = m Ve Z,
the additional aerodynamic drag and moment due to external flow were
estimated by determining the cross flow drag of the two major engilne
segments treated as effective cylinders. A conservative cross flow
drag coefficient of 1.0 was used to account for equipment appendages
(even though Reynolds Numbers are above critical at moderate trans-
lational speeds). The results of these moment and drag calculations
are presented (for two gimbal axis locations) in Figure IV-20. The
varlation of aerodynamic moments with velocity is shown to flatten out
and even reduce at the higher speeds. This 1s due to the fact that
the effective center of pressure moves closer to the englne 1lip as
free stream dynamic pressures increase.
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The aerodynamic moments for a gimbal axls located at the
engline center of gravity are fairly large (400 ft/1b at V = 70 fps)
and positive (nose up). It was therefore considered advisable to
select a gimbal axis location above the engine center of gravity such
as to reduce aerodynamic moments and thus optimize the sum of aero-
dynamic and inertial moments. Figure IV-21 shows thils variation of
aerodynamlic and 1lnertial moments with gimbal axis location. The
inertial moments were based upon a .2-g maximum horizontal accelera-
tion condition which would occur with the vehicle tilted 45° at full
thrust (T = 2/6 W). The 8-inch location 1s shown to be near optimum
and would produce a maximum total moment (aerodynamic and inertial)
of approximately 300 ft/1bs, which is compatible with the engine
stabllization control power. '

It may be noted that the fuel tank is placed above the gimbal
axls so that with gross fuel, the engine plus fuel center of gravity
1s on the glmbal axis. Thus, the maximum inertial moment would only
occur for maximum translational conditions near a fuel empty condition.
An added advantage appears to occur from placing the gimbal axis above
the engine center of gravity. That is, in the event of an engine
stabllization fallure, the engine system will be statically stable
about a position aligned with the capsule vertical centerline. Further
simulation studies will determine whether this 1s a safely controllable
conditlion for this type of emergency.

Additional engine moments

Other sources of moments are:

a, Center of Gravity Offset
b. Gyroscoplc Torque
¢c. Jet Rotor Countertorque

The engine center of gravity 1s estimated to be held within
.2 1nches of the thrust axis by sultable locating of auxiliary equip-
ment. Assuming a maximum vertical acceleration of 1.33-g's (l.O-g
from main engine and 2/6-g from capsule thrusters), the engine moment
produced would be 17 ft-1bs. Moments due to gyroscoplc torques have
been calculated and are found to be very small. For an englne rotation
rate of 10°/sec, the gyroscopic torque amounts only to 4 ft-1lbs. No
estimates have yet been attempted or information received to determine
the Jet rotor countertorque, i.e., torque about the engine centerline,
however, its effect is expected to be small., A tabular summary of
engine moments for most critlcal operating conditions 1is presented
below,
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Moment Source Operating Condition Moments
Aerodynamics Horizontal Velocity = 70 fps 210 ft-1bs
Lateral Acceleration Ny = .2-g 100 ft-1bs
Vertical Acceleration N, = 1.33-g 17 ft-1bs
Gyroscopilc ® engine = 10°%/sec 4 ft-1bs

Although an unlikely combination of circumstances would be
required to produce all moments additive in one direction, the total
moment produced would be 331 ft-1lbs. The stabilization control
moment available from the bleed control system is 480 ft-1bs. It
may be noted here that the engine aerodynamic moment acts in such a
direction, (nose up) to reduce vehicle speed should a speed condition
develop 1in which the moments exceed the stabilization system control
power, 1.e., the system 1s speed stable.
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E. ANALYSIS OF CONTROL LOOPS

1. Vehicle Stabilizatlon and Variable Stability Control
System
Figure IV-22 1s a block dlagram of the vehicle pltch

attltude control system., The analysis also applies to the roll
and yaw attitude control systems.

The definition of the nomenclature used is as follows:

Symbol
K Control stick potentiometer sensitivity volts/rad
Ke Attitude gyro sensitivity volts/rad
7 Rate gyro sensitivity volts/rad/sec
g
Iy Moment of inertila of the vehlcle slug £t2
K¢ Torque sensitivity of the hydrogen 1b ft/volt
peroxide Jjets and valve
Y‘v Time lag of the hydrogen peroxide valve second
and combustlon chamber
Tmax Maximum torque output of the jets 1b £t
Vg Error voltage

Because the error voltage (VE) commands a proportional
pulse duration of the torque, the torque senslitivity (K¢) is a
smoothed term which approaches the linearized approximation for
time periods which are several times the value of the pulse width.

Aerodynamic, static, and dynamic unbalance moments and
forces are considered to be effectlively compensated for 1in this
system,

When operating with zero attitude and rate gyro feedback,
the pilot commands vehicle angular accelerations directly. The
sensitivity of vehicle angular acceleration to control stick
motion can be varied from zero to a maximum value as determined
from the resolution of the control stick potentiometer, and the
maximum torque capability of the reaction jets. By using an
induction potentiometer on the control stick the maximum acceler-
ation sensitivity of the system will only be limited by the pllot's
threshold in moving the control stick or in visually resolving
an error signal.
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An examination of the equations for this configuration
shows that the pilot must provide the damping and attitude
signals required for stability. The inertlia of the pilot's hand
and control stick in conjunction with his response time will
place an upper 1limit on the maximum acceleration sensitivity that
he can effectively handle. Conventional displacement sticks and
force sticks, as well as variable feel devices, can be used to
evaluate the extent of this limitation.

The pilot's capabllity to provide damping to the system
can be enhanced by supplying him with visual information
(indicator) on attitude rate. The window of the vehicle and the
furn and bank indicator supplies the visual attitude information
needed by the pillot.

Artificial damping can be provided to the system by
increasing the rate gyro feedback ('rg). When thls feedback is
negative, positive dampling 1s added t6 the system. However, 1if
the feedback 1s made positive, the pilot will have to provide even
greater damping to the system,

With rate gyro feedback the control system is changed
from an acceleration command to a velocity control system. The
closed loop transfer function for the control system is:

K/YL

1)
s 8¢ + s +1

A large rq?ponse bandwidth for thls system requires a
high loop gain (Kt 7 g); however, as can be seen from the above
equation, the inertia of the vehicle (I) and valve time constant
(Zy) limit the maximum loop gain if we are to maintain the
resonant peak reasonably damped, 1.e. for a damping ratlo

(3) > 0.5 of critical the rate loop gain (KxZg)< I/%y. For
thls conditlon the angular rate output of the system i1s attenuated
at frequencies above 1/% y radlans per second,

Introducing attitude feedback into the system allows the
pillot to command attitude directly with his control stick, i.e. each
positlion of the control stick corresponds to a specific tilt angle
of the vehicle. By making the attitude feedback signal positive,

a statlcally unstable vehicle can be simulated, i.e. (center of
pressure ahead of center of gravity).

With negative attitude feedback, the previous veloclty
command system 1s changed to an attitude or position control
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system. The closed loop transfer functlion for the attitude
control system is:

o 1

gc I ’xv
K¢

I
3. 42
s + Ky 8 + /tg s+1

Examining the characteristic equatlion for this system,
the 180 degree phase shift frequency (W180o) occur at ,%F'

radians per second, and the 270° phase shift frequency occurs at

f?a Wi80°. For a smooth operating system it is desirable that

v
the 180 degree phase shift frequency be lower than the 270 degree
frequency or the rate feedback time constant be larger than the
valve time lag (g > ¥y).

If in this system the torque sensitivity (Ki) is made
suffliclently large, the above equation reduces to a simple first
order lag with a break frequency of 1/7Ug radians per second.

Associated with a specifled thrust level and configura-
tion of a reaction jet, there 1s a minimum controllable impulse
below which it is not practicable to try to control, see Figure
IVv-23, For the elghty pound hydrogen peroxide thrusters the
minimum controllable impulse is about 1.16 pound second. This
corresponds to a threshold angular rate of 0,55 degree per second
about the pitch or roll axis.

Considering a 1.8 degree allowable deadband and the
threshold angular rate, the period of the limit cycle would be
13 seconds., The period of the 1limit cycle can be made longer by
using vernlier thrusters or by lncreasing the allowable deadband.
Angular rate feedback has the effect of firing the Jets before the
attitude deadband 1limit is reached and thereby preventing over-
shoots, To be effective, however, the rate sensor threshold
should be lower than the reaction jet threshold. Hlgh rate
feedback in the system has the effect of commanding the minimum
controllable impulse per cycle, and of preventing the 1limit cycle
from diverglng.
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2., Jet Engine Throttle Control System

The system rate, stabllity and accuracy considerations
may be discussed briefly if reference is made to the block
diagram of Figure IV-24, In the command mode the basic closed
loop equation is:

1
() b gl
5 v

2! $2 4+ ——S — (1 + KaKpKg) +1

KaKmKrpKg1 KaKnKepKg

To satisfy the 0.26 second system response time requirement, the
closed loop break frequency wp should be equal to or greater than:

> 1 > | K L
“n 2 535 = JKa (7}') KrpKgl
m

The damping gain Ké is adjusted to establish a damping coefficient
of between 0.4 and 0.7.

_f 1l + KaKmKé
= !
J K'-aKme‘nglﬂr’m

The constants given in the above equations are stralght forward

and are defined in Figure IV-24, However, it should be pointed

out that the friction load in the system will have to be determined
for the proper determination of Ky. In addition, the inertia

loads should be reflected back to the servo motor shaft to determine
1f thelr influence on L . The engine time constant ¥ o should not
exceed 16 seconds for a thrust change of 1500 pounds to eliminate
the need for a compensating network.

3. Engine Bleed Jet Control System

A control system for the vertlical attitude of the Jet
englne was designed and simulated on the analogue computer, The
analogue simulation circuit for this control system appears in
Flgure IV-25, The portion within the dotted lines pertains to
the physical system, 1.e. the engine. A 1s the moment on Inertia
about X which equals 34,2 slug £t2, and B is the moment of Inertia
about Y which equals 41.5 slug £ft2. No time scaling was performed
since the reaction times of the system were compatible with record-
ing equipment available. S
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Response to Alr Drag and Torque

Alr drag disturbances will be transduced 1lnto the form of
angular attitude commands for the engine. To determline the re-
sponse to drag disturbances, step inputs of ten volts were inter-
Jected into the inputs, a correspondence of one volt per degree
was assumed. The inputs and the outputs were recorded and appear
in Figure IV-26 and IV-27. Considerable experimentation was per-
formed to establlish the galn and damping that ylelded the fastest
response time. Increasing the gain of the system would increase
the tendency to osclllate, and increasing the damping sufficient
to insure stabllity lncreases the response time. The result is a
slower system. Decreasing the gain results in a sluggish system
regardless of how slight a damping is allowed. The gain of 2000
ft 1lbs per degree and the damping of 600 ft 1lbs per degree per
second were found optimum. The curves were recorded at ten units
per second so that the response time 1s about .45 sec.

Also included in the Figures IV-26 and IV-27 are the integrals
of the orthogonal errors. These integrals correspond directly to
the orthogonal velocity that will be imparted to the vehicle by
the orthogonal error. Since the error integrals equal ,35 degree
seconds and one degree of error will yleld 1/60th of a 'g!'
acceleration, computatlion wlll verify that this velocity will be
about 1.5 inches per second. This is rather reasonable for a ten
degree step lnput. It was foynd that this veloclty was a decreasing
function of gain and independent of damping.

To test the response to torque disturbances, a torque input
was put directly into the torque summation amplifiers in the form
of a step voltage corresponding to 100 ft 1bs of torque. The
resultant errors appear in Figures IV-28 and IV-29. The maxinum
error 1s .07 degrees, or about 4 minutes of arc. This is a de-
creasing function of galn, and independent of damping.

For the actual system a check was made to determine the feasibllity
of the gain value previously established as 2000 ft 1lbs per degree.
A steady state torque of 300 ft 1bs was assumed which leaves 180 f{ 1bs
for dynamic stabilization, since a maximum of 480 ft 1lbs of torque is
avallable from the ailr bleed system. It was observed for a step input
of ten degrees the limiting torque of 480 ft 1bs was not reached.
Thus, this figure of galn 1s Indeed practlcal.

Lack of Axial Symmetry and Adequacy of 2 Gimbal Mounting

Equations used in the simulation described above assume that
the engine has axlial symmetry. Since this is not the case, a
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rigorous solution was obtained., The additional circultry required
for this solutlion is shown in Figure IV-30., The simulation of
this solution was performed and 1t was verified that the axlal
rotation effects generated by the degree of assymmetry present
were negligible,

The second consideration of axlal rotation effects was to
determine what results would occur if the vehlicle were to be
rotated in the presence of a wind. The proposed scheme does not
allow freedom of axial rotatlon between the engine and the vehicle.
Thus, effective angular momentum of the system would be greatly
affected by any rotations of the vehicle, and commands generated
by a wind direction sensor to keep the englne orlented in space
might not be acted upon as effectively as with axial freedom.

To find out what the results of this motion would be, sinusoidal
Inputs in quadrature were applied and the effective angular
momentum was increased to correspond to the frequency of the inputs,
Starting with very low rotational frequencies, where the outputs
were identical to the inputs, the rotation was increased to

greater than one radian per second., At this point the only effect
was a thirty percent reduction in the vertical angle and a twelve
degree displacement of the englne axls in the direction of the
vehicle rotation. For a maximum vertical angle of ten degrees

this 1s not serlous.

SAFETY AND RELIABILITY

To determline factors of safety and reliability an additlonal
eight simulations were performed. The results of these appear in
Figures IV~31 to IV-38. They consist of various combinations of
doubling or dividing by two,elther the galn or the damping, for
both x and y inputs of ten volt steps. Doubling the gain or
divliding the damping by two does not result in an unstable system
and dividing the galn by two or doubling the damplng still allows
the system to respond to the step within one second.

Rotation of the vehicle would tend to influence the gyro-
scoplc effects rather markedly. This might be a source of
instability; however, the tests performed illustrated that under
the worst conditions that may occur, that the engine be called to
maintaln a ten degree tilt whlle the vehicle is rotating at better
than one radian per second; no instabllity is present,
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F. ANALOG COMPUTER SIMULATION OF VEHICLE

1. Description of Simulator and Tests

The Phase I analog simulation was designed to investigate
attitude and translation control requirements for the free flight
lunar landing simulator vehicle in the absence of aerodynamic forces
and moments., The vehlicle has been simulated in six degrees of free-
dom, under the influence of an earth gravity field, and zero density
atmosphere,

The analog computers have been tied into a simulator cockpit
to facillitate plloted control studies. The cockplt is equipped with
a center stick and rudder pedals, a three axis slde controller, a
throttle which can be used to control either the lifting rockets or
jet engine,

The simulator display comprises a pitch and roll attitude
reference on a CRT (operates in same manner as a two axis gyro
horizon), yaw indicator, dual scale altimeter reading from O to
400 ft or O to 4000 ft, rate of climb indicator reading +4000 fpm,
horizontal veloclity projected display on a CRT, and a horizontal
position display on a plotting board.

The analog simulation was used to investigate:

a. The range of pitch and roll control accelerations ac-
ceptable to the pllot and the optimum values for the nominal
vehicle characteristics with neutral stability and no damping.

b. The range of c.g. travel above and below the gimbal
plane which the pilot cannot detect, and second, the range which
can be detected but 1s still acceptable. These studlies were done
wilth no damping and near optimum control power in pitch and roll,

c. Rocket engine thruster gradients were varied to determine
the optimum attitude control response.

d. Stabilization of pitch and roll attitudes in the event
of instantaneous thrust loss of one of the two 1lifting rocket engines.

e. Quantity of propellant required for attitude control.

The above studles were conducted using the center stick
controller.
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A very brief evaluation of the side controller was conducted.
The results of this study are stated in the discussion of the analog
study results.

The pllots for these studles were a Bell Aerosystems test
pllot with flight test experience in the X-14 and Bell Air Test
Vehicle, and a NASA test pilot.

2. Assumptions and Conditlons

The vehicle is simulated in six degrees of freedom, with
the moment equations written with respect to body axes and the force
equations written with respect to earth axes.

a. The body axes are orlented with the origin at the center
of gravity of the vehicle, the positive X-axis in the direction the
pllot faces, the positive Y-axls through the support leg to the
pllot's right, and the positive Z-axls downward and coincident with
the principal axis.

b. The earth axes are oriented with the origin at a fixed
polnt on the surface of the earth, the positive X-axls pointing
north, the positive Y-axis pointing east, and the positive Z-axis
toward the center of the earth,.

c. The vehicle nominal characteristics are: weight of
3000 1bs, moments of inertia - Iy, Iy, Iz - are 2000 slug rt2

Vehicle welght can be adjusted between 1500 1lbs and 4000 1bs and
the mo gnts of inertlia can be adjusted between 1000 and 3000
slug ft

d. The Jet engine thrust 1s set to flve-sixths of the
vehicle welght.

e. Lifting rocket thrust 1s throttleable from zero up to a
maximum of 1/2 the vehicle earth weight, with capability for varying
max thrust, idle thrust and throttle gradient independently.

f. The static margin - vertical center of gravity location
wlth respect to the Jet engine gimbal point - 1is adjustable through
a range of 4 feet.

. There is no transfer of jet engine dynamics due elther
to imperfect stabilization of gyroscoplic torque.
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h. All aerodynamic forces and moments are perfectly compen-
sated. In lieu of the above, no natural damping exists; however,
provision has been made for stabllity augmentation if desired.

i. Pitch, roll, and yaw control acceleratlions are generated
as pure couples by the reaction control thrusters.

List of symbols and equations of motion are shown in Tables
IV-2 and IV-3.

The simulation setup used on a Reeves REAC computer is shown
in Fig. IV-39 and the potentiometer settings shown in Table IV-4,
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TABLE IV-2

LIST OF SYMBOLS

earth referenced gravitational constant '
altitude ~ equal to (-)Ze

moment of inertia about the body X axis
moment of inertia about the body Y axis
moment of 1nertia about the body Z axis

angular damping gain

static margin ~ vertical center of gravity

location with respect to the jet engine
gimbal point

vehicle mass

moment about the body X axis ~ roll
moment about the body Y axis ~ piltch
moment about the body Z axis ~ yaw
roll rate about the body X axis
pltch rate about the body Y axis

yaw rate about the body Z axis
thrust of the Jjet engine

thrust of the lifting rocket engines
vehicle weight

Jet engine welght

hydrogen peroxide consumption for attitude
control

~Report No, 7161-950001

ft/sec?
ft

slug ft2
slug ft2
slug ft2

lb ft
rad/sec

£t
slugs
1b f¢
1b ¢
1bv £¢
rad/sec
rad/sec
rad/sec
1b

1b:

1%

1lb
1b
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TABLE IV-2 (Cont'd)

lateral displacement in the North-South
direction

lateral displacement in the East-West
direction

vertical displacement from the earth's
surface

pitch control stick input

yaw control rudder pedal input™

roll control stick input

vehlcle pitch attitude ~ conventional
Euler angle

vehicle roll attitude ~ conventional
Euler angle

vehicle yaw attitude ~ conventional
Euler angle

denotes control signal - used as a subscript

denotes first derivative with respect to time

when placed above a quantity

denotes second derivative with respect to time

when placed above a quantity
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TABLE IV-3

LUNAR LANDING VEHICLE EQUATIONS OF MOTION

Earth Referenced Force Equations

[~}
m X¢ = -Tp (cosw cos ¥ sin 6 + sin¥ sin g )
m ?; = -TR (sinvy cos g sin 6 - cosy sin & )

. ©0o
M2 = mge - Ty - Tg (cos@ cos o)

Body Referenced Moment Equations

Kpp

I, p = L
x P (Iy - Iz) ar+ L + Lp - (Tg-W3) 1 sin @& cos ©

Kqd
Iy = (Iz -Iy)rp+ M, + Mq - (Tyj-Wg) 1 cos & sin ¢

Kpr

Ho
[ ]

1z (Ix - Iy) pa + Ne + Np

Gimbal Equations

o

g = P -+ 'l;,} sin ©

o

e = q cos@d - r sin g

3 = (rcos@d + q sin g) / cos 6
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TABLE IV-4

POT SETTINGS - COMPUTER NO, 2

SCALED POT
POT # QUANTITY FROM TO VALUE GAIN SETTING
1
2
3
L deg/rad A.15 A.1l 573 1 STT
5 deg/rad A.16 A2 .573 1 STT
6 rad/deg A.9 A.16 .035 1 .035
7 q;o/EOO 100V AT - 10 IC
8
9 Lepax/10,000 | Trk 114 | A.8 10
10 Mcmax/lo,OOO Trk 116 A.10 10
11 Ncmax/lo,OOO Trk 118 A.12 10
12 500/Ix A.8 Ak 500/2000 | 10 .265 nom
13 SOO/Iy A.10 A.5 500,/2000 10 265 nom
14 500/14 A.12 A6 500/2000 10 .265 nom
15 Kp/2x10% A.18 A.8 0 4 O nom
16 Kq/2x104 A.19 A.10 0 i O nom
? 15 Kp/2x104 A.20 A.12 0 4 O nom
1
19 .
20 .50 4 p(t) Fn.Sw. A4 1
21 .50 Aqﬁtg Fn.Sw. A.5 1
22 .50 ar(t Fn.Sw. A.6 1
23 deg/rad A, 13 Ao7 0573 1 v577
I.C. #
1l 90/200 100V Al 10 IC
2 Fo/200 +100V A.2 10 IC
3
I
5
6
Note: Those pot settings marked "nom" refer to the nominal vehicle
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TABLE IV-4

POT SETTINGS - COMPUTER NO, 3

SCALED POT E
POT # QUANTITY FROM TO VALUE GAIN SETTING
1 100/Z¢ . A.T A.l ,050 1 .050
2 100/Yep. A.6 A2 100 1 .100 nom
3 100/Xep .« A.5 A.3 100 1 .100
L
5 (Iymlz)/QBOO A.15 Trk 201 1 0 nom
6 (Iz-Ix)/2500 | A.16 Trk 20. 1 0 nom
7 Zeg,/100 +100 v, AT 10 IC
8
9 T 4x1,/10,000 A.8 Trk 204|2500/ 1 0 nom
10,000
10 Tyx1/10,000 | A.18 Trk 2032500/ 1 0 nom
10,000
11 10,/M A.13 AT 10/93 1 .108 nom
12 10/M A.11 A.5 10/93 1 .108 nom
13 10/M A.12 A6 10/93 1 .108 nom
14
15 |
16 A Ze(t)/100 | Fn.sw, AT 1 —~ |
17 D Ye(t)/100 Fn.Sw, A.6 1 —~ |
18 D Xg(t) /100 Fn.Sw. A.5 1 — ;
19 |
20 KJ’;{/JS Trk 312 S.2 1n 1 — 5
21 K,;ge/c; e Trk 313 S.3 in 1 —~ ‘
22 KC;'/d'r Trk 314 S.4 in 1 —~ f
r {
23 (mg-Tg)/1000 | +100V A.13 500/100q 1 .504 nom
IoCc #
1 Ze,/2000 100V A.1 10 IC
2 Yeo/100 £100V A.2 10 IC
3 Xe /100 £100V A.3 10 Ic
u L]
5 Xeo/100 +100V A.5 10 Ic
6 Ye,/100 +100V A.6 10 IC
125
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3. Discussion of Analog Study Results

The Cooper Plilot Opinion Rating System was used to evaluate
the vehicle stabillty and control characteristics for the various
configurations studied in this program. The Cooper System, which is
described in Table IV-5, consists of rating numbers from 1 to 10,
where a rating of 1 represents ldeal characteristics and a rating of
10 represents catastrophlc characteristics.

The pllot's mission assignment for all configuration studiles
was: Begin flight at an initial altlitude of 2000 feet and 200 feet
behind the desired landing site wlith the vehicle in equilibrium.
Descend as raplidly as possible to 100 feet and bring the vehicle to
momentary hover at that altd tude. During the descent, translate
forward untll the vehlcle 1s over the landing site. Descend to the
surface making ground contact at a safe sink rate - less than 10
ft/sec - while controlling horizontal velocity to no more than 2 £t/
sec at ground contact.

The pilot was given an initial familiarizatlon period to
"feel out" the vehicle with various combilnations of vehicle restraint
and for different stability configurations. After the commencement
of a sequence of "mission" runs, no additional "free flight" was
allowed.

For all configuratlon studies conducted in this program,
the vehicle was controlled in five degrees of freedom. No yaw
control was included. It i1s not felt however that the lack of yaw
centrol serlously Jjeopardizes the results of this program, as lateral
maneuvering can be accomplished through roll modulation, and thus
the primary réquirement for yaw control will probably be for rate
stabilization.

The first program objective was to determine the acceptable
range and optimum values of pitch and roll control powers for =
neutral static margin. The results are presented in Figure IV-40,
The acceptable ranges and optimum values are:

Ma ximum Minimum Optimum
Pitch Control Power 0.56 rad/sec® 0,18 rad/sec® 0.32 rad/sec?
Roll Control Power 0.63 rad/5902 0.20 rad/se02 0.38 rad/sec2

The minimum acceptable rating 1s defined as 4.5 on the Cooper

scale. Referring to Figure IV-40, it can be 'seen that with the

present simulation and instrument display, acceptable operation of
the lunar landing simulator can be obtalned. It should be expected
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that with further studles of displays and controls, even
better results will be obtained.

The rate of hydrogen peroxlde consumption of the attitude
reaction controls is also shown in Figure IV-40. It appears that
for reasonable values of pitch control, the peroxide consumption
is primarily a function of roll control'power. This was not
unexpected, as lateral control 1s generally more gross in nature
than 1s longitudinal control.

The maximum varlations in statlc margin before vehlcle
stability becomes unacceptable are shown in Figure IV-41 for pitch
and roll control powers of 0.25 rad/sec2. This study indicated
that the pllet was unable to detect any change in stability for
center of gravity travel of at least 2 inches in either direction
from the gimbal plane. Vehicle stabllity proved to be acceptable
for at least 4 inches in either direction from neutral. Since the
maximum center of gravity shift of the flight vehicle will not be
more than 1 inch total, no appreciable deterioration in stability
should be evident.

The flight times required to complete the basic mission with
negative stabllity showed no appreciable deterioration with respect to
fllghts made with neutral stability (flight durations ranged from °
1:25 to 1:50 min/sec). Thus, even though the pillot's work load was
increased as the static margin became more negative, it was possible
to successfully complete the mission, even for a negative margin of
six inches.

The throttleable thrust of the 1lifting rocket engines was
varied between T = O to W/3 and T = W/12 to 3 W/12. The most sensitive
altitude control, corresponding to a gradient of (W/3)/100% of throttle,
appeared to be most satisfactory. When descending at a high sink rate,
a falirly steep thrust gradient allows the pllot to bring the vehicle
to hover with a very positive response and minimum lag.

In the event of instantaneous thrust lgss of one of the 1lifting
rockets, an angular acceleration of .5 rad/secc would be acting on
the nominal vehicle's outer frame. Several flights were made intro-
ducing an unbalance moment equivalent to an engine loss into either
the pitch or roll equations. The duration of the disturbances was on
the order of 1 second - assuming this to be sufficient time to shut
down the opposing engine elther automatically or manually. The pllot
was consistently able to bring the vehlcle under positive control in
less than 5 seconds with no more than three overshoots. These sfudiles
were made with pitch and roll control levels of only .25 rad/secc<.
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A three axls slde controller on loan from NASA Flight
Research Center at Edwards Air Force Base has been installed
in the cockpit simulator. This controller has rotation limits of
+30° in pitch and yaw and 425° in roll. A spring-cam system for
force feel and centering 15 used in all three axes with the spring
tensions being adjustable.

It appears that for an acceleratlon control system where
high frequency/high magnitude inputs are required, the continual
wrilist swiveling becomes quite fatiguing. The fatigue factor
aggravates the problem of cross controlling and lends to gradual
deterloration of pilot control sensitivity. This first evaluation
of the controller was concerned only with the pitch and roll axes.
With the addition of yaw control, the fatigue and cross coupling
problems will become even worse.

The performance of the present controller could be improved
somewhat by modification of the spring cam systems and plteh counter-
balancing; however, a better approach (for a side controller) may
be a small pencll type stick wlth either force or displacement out-
puts. The decislon as to the optimum type attitude controller must
be investigated.
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L4, Future Simulation Expansion

The next step in analog computer simulation is based on
six degree of freedom vehicle and six degree of freedom Jet engine
analog mechanizations. The vehicle simulation should include:

(a)

Generation of aerodynamic forces and moments

(b) Mechanization of the dynamics of the landing struts

(¢c) Dynamic coupling to the Jet engine

Capability will exist to program vehlcle welght, moments of
inertia, and center of gravity location with rate of fuel burnoff,

The Jet engine simulation will include:

(a)
(v)

Jet engine dynamics including the aero effects on
the englne

Jet engine stability augmentation and aerodynamic
compensation systems

A new cockpit simulator is recommended with flexibility
for the installation of:

(a)
(b)

()
(a)

Center stick and side controllers wlth variable

dynamics

Several rocket and Jjet engine throttle configura-
tions

Quick change lnstrumentation and display packages

A system for generating visual cues

The analog simulatlion will facllitate the study of:

(a) Basic pilot control problems

()

(1) Investigate attitude control power and damping
requlirements for various vehlcle conflgurations

(2) Throttle control of the rocket and jet engines
in all flight control modes

Operation in all parts of the flight envelope with
any of the primary or emergency control modes. This
capability wilill allow:

(1) Investigation of and optimization of a variety
of flight profiles
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(2) Maximization of the flight envelope
(3) Evaluation of emergency control procedures

(4) Landing sutides including touchdown on
Iinclines with horlzontal translation

Simulation of Aerodynamic Forces and Moments

Analog computation of aerodynamlc forces and moments acting
on a VIOL vehlcle such as the free flight lunar landing simulator
presents a much more formidable problem than in the case of

conventional aircraft. The primary reason for this is that angles
of attack and sideslip can vary quite rapidly through large angles -

sometimes as much as 180° - in and around hovering flight, and
become lndeterminate at the over point. It is therefore evident
that an attempt to mechanlze the aerodynamic forces and moments
on the basis of oc and B will lead to operational difficulties if
servo multipliers and resolvers are driven by these quantities.

The disappearance of the relative wind at hover makes it
undesirable to use any coordinate system based on its dlrection.
Thus, wind and stabllity axes are eliminated from consideration,

By generating the aerodynamic forces and moments with
respect to body axes and referring the relative wind velocity
components to these axes, 1t is possible to mechanize functions
on the computers which are contlinuous and slowly varying at and
around hover. One method of generating the forces and moments
with respect to body axes is:

(a) The aerodynamic quantities are arrived at through wind
tunnel tests and dimensionalized with respect to body
axes.

(b) The dimensional quantities are then approximated in
polynomlial form as functions of the body referenced
relative wind vectors. The fltting procedure 1s

accomplished through application of an IBM least squares

approximation program,

Based on the above procedure, the aerodynamic force in the direc-
tion of one of the body axes might take the form:

f(Xb: Yb; zb)

F( )body
2

i

L L) 2 [ ° o o
Clxb + C2Xb + C3Xbe + C)_le + chb
+ CeXpZy + Crlp + — — ~

(including as many terms as needed to get the desired
accuracy
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Considering the symmetric configuration of the lunar landing
vehicle with respect to the X,Z and Y,Z body reference planes,
simplification of the above method may be applicable,

Resolve the aerodynamic force acting on the vehicle into
two components: one in the direction of the Z body axis; and
the other in the direction of the free air veloclty vector
projected into the X,Y body plane. These two forces can be

.« 2 . 2 o
generated as functions of two variables, (Xp + Yb )1/2 and Zp .
. 2 . 2 1/2 °
(let (%, + ¥ ) be represented by X)
The form of these forces would be
Fx,y = f(X, Zb)
= C1X + CoX + C3T + CyZy + ——-
and
Fz = S(X) Zb)
L] 02 LN J * .
Resolving Fx,y into components in the X, and Y directions gives
Fx ® Fx,y (Xp/Z)
and

Fy = Fy,y (¥p/3)

Approximations of the above type should be sufficiently accurate
for studies in the velocity range of a lunar landing vehicle,
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V. VEHICLE AND ENGINE PERFORMANCE

The engine selected as the auxiliary 1lift device is a General
Electric CF-700-2B. It 1is an axial-flow fan-Jjet engine, using the
same gas generator as the GE J-85 in combination with a free float-
ing, single-stage aft fan.

The basic performance of this engine was obtained from Refer-

‘ences 1 and 2. Data used in the vehicle performance analysils is

presented in this section.

A. ENGINE PERFORMANCE

1. Basic Performance

Thrust and fuel flow of the CF-700-2B engine is presented
in Figures V-1 to V-4 for the range of flight conditions expected,
Standard Day parameters were obtained directly from Reference 1.
Warm Day (Standard Day plus 27°F) thrust and fuel flows were ob-
talned by extrapolating the Standard Day data using Reference 2 as
a guide. (Note: Reference 2 is a complete performance manual for
the CF-700-1 engine, the first of the CF-T700 serles. The CF-700-2B
offers approximately 5% better thrust and SFC values on a standard
day, and, although the data is incomplete, appears to give about 10%
better -warm day performance than the CF-700-1.) Correction factors
due to compressor alr bleed were applicable and were used directly
from Reference 2.

The bleed air from the compressor 1s used in control Jets
to stabilize and control the engine during lunar simulation and
hence, produces a small amount of useful thrust. The magnitude of
this thrust ranges from 100 to 150 1lbs, for the case of 6% bleed.
This control jet thrust is included in the thrust numbers whenever
bleed is specified.

Reference 1 General Electric CF-700-2B Aft Turbofan Engine
. Performance Notebook, 11 August 1961.

Reference 2 General Electric CF-700 Turbofan Engine Performance
Bulletin, April 1960.
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2. Installation

The installation of the CF-700-2B in the present config-
uration is not expected to affect the baslc engine performance.
The presence of the capsule floor near the inlet and the structure
surrounding the engine will create some disturbances in the flow
fleld. These effects on engine performance will depend both on
speed and direction (i.e. angle of attack). The magnitude of the
effects will have to be determined from tests, but, considering
the relatively low (less than 100 ft/sec) velocities, should cause
no serious performance losses. Static tests conducted by General
Electric on a J-85 indicate no loss in performance with a flat
plate located 1/2 inlet diameter (dia. = 16 in.) in front of the
alr inlet bell mouth. Clearance on this vehlcle is over one
diameter.

3. Vertical Descent

The problems of vertical descent at speeds of up to 100
ft/sec were discussed with both General Electric and Bell Aero-
systems personnel., There are two possible effects of "flying
backwards". One is the effect on thrust at negative velocities;
the other 1s the possibillity of hot exhaust gas recirculation.
Although there are no test data or analyses available on these
problems, experienced people from both General Electric and Bell
Aerosystems felt that there would be no detrimental effects.
Indeed, from the shape of the thrust vs veloclity curves, one should
expect a slight increase in thrust at ‘velocities below zero (i.e.
backwards). The recirculation problem is discussed elsewhere in
this report. It was assumed for the performance analyslis, that
there were no effects on engline performance.

B. VEHICLE PERFORMANCE

The basic performance of the complete vehicle 1is presented in
this sectlon. Included are the operating envelopes and curves
defining the maximum vertical and lateral speed. These limits are
set by the Jjet engine, which 1s the source of both the simulated
gravity field and the force which nullifies the aerodynamic drag.

The followlng ground rules were used in the performance calcu-
lations:

1. Thrust and fuel flow are presented in Figures V=1 to V-4,
It is assumed that the thrust at negative velocitles
(1.e. descending flight) is equal to the values at V = O,

2. Takeoff gross welght is 3400 pounds.Jet engine fuel weight
is 400 pounds.
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1. Takeoff and Climb

Normal takeoff and climb to mission altitude is accomp-
lished with the engine gimbals caged and using the "takeoff" power
setting. Control is by means of the vehilcle attitude comtrol system
and therefore does not require compressor bleed alr from the englne.

Figure V-5 shows thrust available and thrust required (drag
and weight) for vertical operation between 2000 and 4000 feet.
Table V-1 summarizes the time and fuel required to climb from 2000
to 4000 feet. '

Figure V-8 shows the operating envelopes for vertical ascend-
ing flight for a gross weight of 3400 1lbs,

2. Translational and Hovering Flight

During mission simulation the jet engine is throttled and
vectored to provide a vertical component of thrust equal to five-
sixths of the vehlcle welght and the force necessary to overcome the
total aerodynamic force acting on the vehicle. The aerodynamic force
consists mainly of a drag force opposite in direction to the velocity.

The engine attitude 1s controlled using compressor bleed
air. PFor purposes of the performance calculatlion, a constant six
per cent bleed is assumed. The thrust and fuel flows shown in Fig-
ures V-1 to V-4 include the effect of bleed on the engine performance
and the thrust recovered through use of the bleed air. Figure V-6
shows the thrust requlred as a function of vehlcle welght and velo-
city. ©Cross plotted on these curves are the thrust available at
maximum continuous power and lines of constant engine deflection.

It can be seen that the thrust required depends only slightly on the
velocity; the limiting factor in lateral velocity is the engine de-
flection angle. This angle, for lateral flight, is shown in Figure
V-7 for a range of vertical thrust components (i.e., weight supported),
Using the thrust required curves from Figure V-6, the vehicle flight
time can be computed. Table V-2 summarizes endurance in hovering

and lateral flight. The operating envelope of the vehicle during
lunar simulation is shown in Figure V-8, This is based on the maxi-
mum continuous power of the engine supporting a gross weight of

2833 1bs, (i.e., 5/6 of 3400).

A typical standard day mission, assuming a climb to 2000
feet and a simulation period of 10 minutes, requires 338 pounds of
fuel (43 1lbs., at R/C = 30 ft/sec. + 295 lbs for 10 minutes operation)
and leaves 62 1lbs as a safety factor.
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3. Descent

In normal operation, the vehlicle will descend from its
initial altitude to a position on or near the ground. During
this mode of flight, 1t 1s necessary only to reduce the engine
throttle setting to adjust for the drag force, which in descending
flight, is tending to support the vehicle. The only factor of
importance 1s to initiate deceleration in sufficient time to avoid
a hard impact. Normally, since a lunar landing 1s being simulated,
the vehlicle will be brought to a hovering condition with the 1ift
rockets, while the Jet engine throttle is automatically controlled
to maintaln thrust equal to flve-sixths weight.

4, - Emergency Descent

There are four possible types of power loss which may
occur durlng a flight. These are in order of seriousness:

a. Fallure of the Jet engilne.

b, Fallure of the vehicle attitude control system.
¢c. Fallure of the 1lift rocket system

d. Fallure of the bleed alr reaction system.

The first, failure of the jet engine, will cause loss of the ve-
hicle. The other three, under most flight conditions, can be com-
pensated for and the vehicle can be brought to a safe landing. The
pllot needs only to cage the jet engine gimbal and take over manual
control of the jet throttle. Stabilization and control will be by
the vehlcle reaction controls which are redundant. After a short
flight interval, when gross weight has decreased, the engine bleed
alr reaction system can be used to stabilize the vehicle. This
method cannot be used early in flight because in using the bleed
alr, the available Jjet thrust is reduced below takepff weight.

The recovery envelopes are shown in Figure V-9 as a func-
tion of vertical descent veloclty. A failure during descent 1s the
most critical, since the vehicle will lose more altitude by the
time it 1s brought to a stop than 1t would during ascending or
lateral flight.

Although the vehicle at full gross welght cannot be re-
covered on a warm day if failure (b) occurs, it can be brought to
a safe landing if the weight 1s less than about 3200 1lbs, which
should occur duringthe first 20% period of the flight.
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TABLE V-1

TAKEOFF AND CLIMB FROM 2000 FT TO 4000 FT

GW = 3400 1lbs Takeoff Power No Bleed
(R/C)AVG Time - Min Fuel Consumed - 1lbs
ft/sec
Std. Day 70 .48 21
50 67 28
30 1.11 43
Warm Day 50 67 - 28
30 1.11 4y
TABLE V-2
ENDURANCE
o Flight Time for
Velocity Fuel Consumption 300 1lbs of Fuel
ft/sec lbs/hr min,
Std. Day 0 1670 10.8
50 1770 10.2
Warm Day 0 1830 9.8
50 1920 9.4
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Vi. ROCKET SYSTEM

A. SYSTEM REQUIREMENTS

The rocket systems on a free flight lunar landing simulator
must provide a good simulation of the 1lift rockets and attitude
control rockets which would be employed on an actual lunar landing
vehicle. The rocket system proposed for this vehlcle has been
designed to the following basic requirements:

(1) The simulator system must approximate the speed of
response of rocket engines which will Dbe used on a
lunar vehicle for 1lift and attitude control.

(2) Since the exact configuration of an actual lunar
vehicle has not been established at the present tlme,
the simulator system must be flexlible to simulate a
variety of control systems.

(3) To provide an early low cost vehicle, maxlmum use
must be made of existing components and systems.

(4) Since the simulator is manned, systems must be man-
rated or have a background of experience to assure
safe operation.

(5) Since attitude control of the vehicle is mandatory
, for safe landing, the attitude system must have high
reliablility.

(6) The system should utlllze availlable propellants with
which field personnel have had experience.

(7) The system should be of minimum weight consistent
with performance requirements.

Experience with other VIOL vehlcles, and analog simulation
studies on this vehicle, indicates maximum control accelerations
required in all axes to be less than one radian/second2, for a
flight duration of ten minutes. It 1s required that the control
torques be proportionally controllable by the pilot and electri-
cally controllable by a rate feedback system to provide attitude
damping.

The rocket 1ift system for the lunar landing simulator must

provide thrust of approximately 1/6 vehicle welght. Since the
jet engine has sufficient thrust to fly the simulator without
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utilizing the 1ift rockets, no redundancy need be supplied in
the 1lift rocket system. For a vehicle gross weight of 3500
pounds, 1/6-g results in a 1lift rocket thrust requirement of 580
pounds maximum, In addition, the 1lift rockets must provide this
same vertlcal thrust component while the vehicle is tipped at a
30° angle relative to earth for horizontal translation.

Thrust 80 _
Sosg = oggg = 670 pounds thrust

Also, some capabllity should be provided for pilot control of
thrust above and below the nominal. As a result, 1000 pound
thrust was selected as the maximum required.

The 1ift rocket system and the attitude system are combined

as a means of reducing complexity, welght and cost. The comblned
requirements are shown in Table VI-=1,

TABLE VI-l

ROCKET IMPULSE AND THRUST
REQUIREMENTS

10 minutes flight time for attitude controls.
2 minutes flight time for 1lift rockets.
Complete redundancy required for attitude control.
Attitude changes to be achleved without cross coupling or trans-

lation.

Lift System Total Impulse
500 pound average thrust x 120 seconds = 60,000 # Sec

Attitude Control System Total Impulse
5 pound/minute (from analog simulation study)
100 sec avg Igp x 50 1b = 5000 # Sec
X margin of 2 = 10,000 # Sec

Total Impulse Required (Minimum) 70,000 # Sec

Excess Tankage 35%
(Payload tradeoff capability)

25,000 # Sec

Thrust Levels - Throttleable Inflight
Attitude control (each nozzle)

8 # to 80 #
Lift System (total for two nozzles)

200 # to 1000 #
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B, DESCRIPTION

Two baslc rocket systems are available which can meet the
requirements. One system uses hydrogen-peroxide as a mono-
propellant and the other uses nitrogen-tetroxide and hydrazine.
Characteristics of both systems are shown in Table VI-2, calculated
for the same total system impulse, The bipropellant system has a
significant weight advantage and operational advantages of
increased temperature range and loaded storage time. Components
for a bipropellant system are under development at the present
time. On the other hand, man-rated peroxide components are
avallable from the X-~15, and Mercury programs. In addition, much
field experlience has been gained on peroxide systems with the
X-1, the X-15, and Mercury programs. Also, peroxide servicing
equipment and experlienced personnel are available at the NASA-
Edwards Flight Research Center. Because of the early avallability
and low cost desired for the vehicle, the peroxide system has been
selected. However, a dlscussion of the bipropellant system is
included elsewhere in thls report because it is considered a good
choice for a future vehicle,

TABLE VI-2
HoOo EQOH/SO-SO Blend

System Welght dry; 226 1bs 245 1bs

wet 1056 1lbs 660 1bs
Total Impulse 95,000 1lbs sec 95,000 1lbs sec
Temperature Range LO°F to 100°F 20°F to 120°F
Specific Impulse 122 secs 244 secs
Practical Propellant 1l day 2 weeks

Loaded time limit

Price per pound of propellant | 55,5 cents 32 cents
Response 60 ms. 20 ms,
Report No. T7161-950001 152
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A system has been selected which can be used in a variety
of ways to simulate a broad spectrum of control methods.
Figure VI=-1 is a schematlc of the system., The system provides
attitude control in pitch, roll, and yaw with pure couples;
that 1s, no translation accompanies a change in attitude.

The need for providing torque without translation requires
four nozzles for each plane of control (i.e., two roll left and
two roll right). Therefore, twelve units total are required.
The yaw unlts, however, are not located in the plane of the
vehicle centroid. Hence, four additional nozzles are required =
to prevent cross couples when only one of the two yaw nozzles
ls operable., Thils effect 1s discussed to a greater degree in
the section of flight safety.

The attitude system 1s split into two identical subsystems
each contalning elght nozzles. Elther subsystem can be used
alone although translation would accompany a change in attitude,
thus requiring a greater degree of pilot skill. Similarly, a
variety of attitude rates of change can be simulated by operating,
pulse mode, with varying on to off times in the three axes.

The nozzles are controlled by two sets of valves, one
proportional controlled by the pilot through direct mechanical
linkage, and one electrical, controllable by the pilot or by an
autopilot. These systems may be used separately on in parallel,

Functionally, three major subsystems are included.

Pressurization System

The nitrogen system, completely redundant for attitude
system capacity, consists of two 16.5 I.D. titanium spheres,
full flow five micron filters, manual operated 1isolation valves,
and commercial type ground adjustable pressure regulators. The
nitrogen spheres are located diametrically opposed on the vehicle
so that only the nitrogen lines and the two lsolatlion valves are
routed above the pilot compartment floor. As in the Mercury man-
in-space capsule, the pllot has direct control over the high
pressure stored gas and the peroxide tanks can be pressurized
Slowly to minimize impact stresses on the propellant feed system.

The nitrogen tanks will be charged to a maximum of 3000 psia

at 100°F and are designed with a safety factor of 2 for man
carrying application.

Report No. 7161-950001 153




é Solenoid Valve

8 Hand Valve
Check Valve

“Throttle Valve

A
\/1 l
" Regulator :]
& - Fill Valve
‘PD Relief Valve
H O
DK Vent Valve 272
@ Ball Vfalvér
N.O. N.O.
N.C. g g  — g ®NO
N.O. A
- N.O.
) §
<> <> A, A0» <[>
\'%
Roll Roll Pitch Pitch ﬂ & Pitch Pitch " Rt Left
Rt Left Down , Up Down Yaw Yaw
500/100 500/100 o
Lb Lb
Left Rt . . . Rt Left
-1.
Figure VI Hydrogen Peroxide Rocket System Schematic yaw Bal  Yaw Bal

Yaw Bal Yaw Bal
Report No. 7161-953001

154



BELL AEROSYSTEMS COMPANY

DIVISION OF BELL AEROSPACE CORPORATION

Propellant Supply System

The propellant supply system has a capacity for 800 pounds
of usable hydrogen peroxide located in two spheres on the vehicle
struts fore and aft of the pilot!'s platform. Each sphere is
approximately 25" I.D., and is constructed of 6061 aluminum alloy.
Detalls of the tank construction are shown on the cross-section
sketch, Figure V1-2, Two special considerations in the design
selected were occasioned by the need to tip the vehicle axis for
translation. One aspect resulting is the flow of propellant
from the high tank to the low during translation, causing vehicle
unbalance. If one minute of translation at the maximum pitch
angle of 30° is used as criteria, all the propellant would shift
to the lower tank. To minimize this problem, orifices will be
located between the tanks such that the differential consumption,
or transfer, would be limited to 2 pounds/second of flight.

Secondly, tipping the vehicle during the end of flight would
mean the last 10 percent of propellant would be unusable if a
spherical tank with a bottom outlet fitting is used. The sump
or outlet cone shown on Figure VI-2 reduces the trapped prpellant
to a negligible value. Cruciform aluminum baffles are installed
in thls sump region of the tank to minimize slosh and vortex
problems., Each tank will be fabricated along conventional lines
using automatic welding equipment to ensure high strength
homogenous Jjoints. Subsequent to assembly, heat treat, and
pressure test, each tank will be thoroughly cleaned, anodized and
condlitioned in hydrogen peroxide, The tank is fundamentally
similar to the Project Centaur tank which is approximately 22
inches in diameter, constructed of two 6061 spum aluminum shells
and mounted on trunnions in the same fashion.

AV

Elther of the two peroxide spheres can be isolated and
control of the vehicle maintained using the propellants in the
other tank, Valves used for isclation are normally open, push-
pull valves operated by the pilot. This is the method used by
the Mercury capsule pilot.

Nozzle System

Sixteen thrust unlts firing in palrs comprise the attitude
system., These have 3/8" solenoid valves of the type used on the
Centaur program with check valves downstream of the solenoids to
permlt incorporation of manual throttle valves as an alternate
mode of operation. Manual push pull valves will permit isolating
elther bank of eight units in the event of a valve fallure,

The 1ift system units have manual throttling valves similar to the
valve used for the Bell Aerosystems Company rocket belt,

Report No. 7161-950001 155
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The monopropellant thrust chambers for attitude and 1ift
use 90% hydrogen peroxide and are adaptations of fully developed
designs proven in many similar applications (X-15, Project
Centaur, Flying Belt). The thrust chamber can be used with
proportional throttling or in a fixed thrust pulse mode operation.
The design of the proposed thrust units is shown in Figures VI-3
and VI-4 and can be accomplished as a routine process in a
minimum of time. No analytical or development test effort is
required. The fabrication of the thrust chamber hardware is
straightforward. Fabrication of the only critical component, the
catalyst bed, is controlled by a fully developed Bell process
specification which guarantees performance and quality.

For the man rated flight application, a minimum qualification
test program is recommended.

(a) Demonstration of thrust output and specific impulse
(b) Pulse characteristics and stability

(¢) Environmental performance at +120°F

(d) Vipbration and shock

(e) Endurance and thrust degradation

System welght 1s shown in Table VI-3,
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' TABLE VI-3
' SYSTEM WEIGHT
! WELGHT
Qty Each Total
' Nitrogen Spheres 2 25 50
' No Filter 2 5 1.0
No Isolatlon Valves 2 5 1.0
' No Regulator 2 1.1 2.2
Relief Valve 2 5 1.0
. Tank Vent 1 i 1
Tank F1ll 1 3 3
HoO2 Tank Isolation Valves 2 .8 1,6
' 500 Lb Thrust Throttling Valves 1 1.6 1.6
500 Lb Thrust Chambers 2 6.8 13.6
. 500 Lb Thrust Check Valves 2 o1 2
500 Lb Thrust Isolation Valves 1l o7 o7
! 80 Lb Thrust Throttling Valves 6 1.3 7.8
80 Lb Thrust Chambers 16 2.4 38.8
l 80 Lb Thrust Check Valves 16 .1 1.6
| 80 Lb Thrust Solenoid Valves 16 «3 4,8
! 80 Lb Thrust Isolation Valves L 5 2.0
' Plumbing Brackets, etc. 10.0
‘ Dry Weight Total 225.5
l Gross Weight Total 852.5

140N
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Ce PERFORMANCE

System performance 1s dictated by the decomposition chamber
efficiency, chamber pressure, nozzle configuration and temperature
of the catalyst bed. Figure VI-5 shows the envelope of anticipa-
ted start delays for the first pulse. If the off time between
pulses 1s less than one minute the chamber will remain warm and
steady state specific impulse can be assumed.

Table VI-4 presents the performance characteristics of the
two types of thrust chambers,

TABLE VI-4

80 Lb Thrust Chamber

Thrust (Nominal) 80 Lbs
Throttle Range 80 to 8 Lbs
Specific Impulse (Sea Level Min.) 122 Sec
Chamber Pressure (Nom.) 250 psia
Propellant Feed Pressure (Nom.) 400 psia

Propellant Flow Rate (Max)

Start Response (1lst Start)
(Propellant Temp. +60°, +120°F)

Start Response (Hot Catalyst Bed)
Catalyst Bed Service Life

Welght

500 Lb Thrust Chamber

Thrust (Nominal)

Throttle Range

Specific Impulse (Sea Level Min.)
Chamber Pressure (Nom.)
Propellant Feed Pressure (Nom.)
Propellant Flow Rate (Max.)

Start Response (1lst Start)
(Propellant Temp. +60°F, +120°F)

Start Response (Hot Catalyst Bed)
(Signal to 90% Thrust)

Catalyst Bed Service Life
(5% Thrust Degradation)

Weight

0.656 Lb/Sec
150 Milliseconds

40 Milliseconds
2 hours

2.4 Lbs

500 Lbs

500 to 100 Lbs
122 Sec

250 psia

400 psia

4,1 Lb/Sec

200 Milliseconds

60 Milliseconds
2 Hours

6.8 Lbs

7Report No. 7161-950001
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Figure VI-6 shows the theoretical and actual relationship
between thrust coefficlent and chamber pressure for the constant
nozzle area ratio of 4.35 used on the X-1A 75 pound thrust noll
control rockets.,

Figure VI-7 shows actual and theoretical C* versus chamber

pressure for the X-15 112 pound thrust unit which 1s similar in
size to the attitude control unlits.

D. SAFETY ANALYSIS

Safety for the hydrogen peroxide propulsion 1s extremely
important and must be glven paramount consideration in the desilgn
of any new system. Fortunately, there 1s a great deal of data
and experience avallable so that the system will be inherently
reliable, Perhaps more important is the adequacy of in process
and field procedures to control cleanliness. Impurities in the
hydrogen peroxide, storage at elevated temperatures, improper
purging, all contribute to short service life and field failures.

The system will be designed so that fallure of any component
will not jeopardize pilot safety. Rellef valves are incorporated
on each hydrogen peroxide tank to permit 1isolation of either
system and vent the tanks if a regulator malfunctions. Relief
valve capacitlies are selected to maintaln propellant tank pressure
levels at the working pressure level for worst case conditions -
regulator stuck wide open or regulator-seat extruded out.

In addition the pilot can manually isolate the high pressure
stored gas. Gross leakage of propellant can be handled 1n a
similar fashion - first, closing the ball valve and shutting off
the source gas supply to the peroxide tank, then closing the tank
isolation valve,

If it becomes necessary to 1solate elther tank, the remaining
one would supply propellants to the attitude control system and
the jet engine would be used to supply all 1lift required to return
to earth, Sufficient nitrogen is avallable in one tank for
attitude control during the descent to earth. Should any of the
attitude control solenoids fall to open, its opposite unit would
still function normally although some translation would accompany
a change in attitude. Fallure of a solenold or check valve to
close after an impulse bilt would necessitate manual shutoff of
that half of the system. Similarly, if the manual valve falled to
return to neutral, the manual system can be 1solated and operation
continued, using the electrical system.

Many years of experience indicates that hydrogen peroxide

exhaust is not a hazard to personnel or equipment. Peroxide
exhaust consists of water vapor and free oxygen at relatively low
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temperature., Experience with the Bell Rocket Lift Belt, in which
peroxide nozzles are located close to the man's shoulders,
indicate no danger from exhaust impingement on the clothed body.
In this vehicle, the peroxide exhaust may mix wlth the Jjet englne
exhaust., This should not be a problem even if the Jet englne is
run fuel rich, The Jet engine aft fan exhausts 100 pounds of air
per second which contains 20 pounds of oxygen. The 1ift rockets
running at full throttle will add only three additional pounds of
oxygen per second,

E, BIPROPELLANT SYSTEM

During the propulsion system study, system weight consldera-
tions led to investigating a liquid bipropellant system. For
comparlson, the same total impulse and thrust levels were assumed
as were utilized for the selected hydrogen peroxlde system. The
equivalent system is shown schematlically in Flgure Vi-8. As can
be seen, the same functional redundancy 1s incorporated. Isolation
valves are intertied mechanically to minimize operational complex-
ity and to maintain a high degree of system reliabllity. The
bipropellant system will permit longer storage times, wlthout
degradation in specific impulse, and the smaller propellant volumes
and transfer lines will minimize propellant center of gravity
shifts., Another advantage of a bipropellant system 1s the
inherently wider operating temperature range. Perhaps the most
significant advantages are the short response times and conslstent
thrust reproducibility over wide temperature ranges avallable with
bipropellant systems.

Some early flight training with a bipropellant system will
shorten the ultimate development time for the actual lunar landing
vehicle which, undoubtedly, will utilize a bipropellant system.

Table VI-5 is a welght summary for the bipropellant system.
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TABLE VI-5

BIPROPELLANT SYSTEM

WEIGHT
Qty Each Total

N2 Spheres 2 12,0 | 26.0
No Fill Valve 2 1 o2
No Filter 2 oA .8
N, Isolatlon Valves 2 5 1.0
No Regulator 2 1.1 2.2
Rellef Valve L .8 3.2
Vent Valve 2 1l o2 ;
Propellant Tank 4 7.0 28.0
Tank Isolation Valve 4 .8 3.2
500 Lb Thrust Throttle Valve 2 1.6 3.2
500 Lb Thrust Chamber 2 | 15.0 | 30.0
500 Lb Thrust Isolation Valve 2 | .7 1.4
80 Lb Thrust Throttlé Valve 12 1.3 15.6
80 Lb Thrust Chamber Assembly 16| 7.0 112,0
80 Lb Thrust Isolation Valve 5 «5 2.5
Plumbing and Brackets 15.0

Dry Weight Total 24,5
Nitrogen 15,0
Propellants 400,0

Gross Welght Total 659.5
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VII. COCKPIT

A, GENERAL

The cockplit on this vehicle consists of a semi-enclosed
platform contalning space for two side~by-side ejection seats.
Flight control by one man is provided. The cockpit layout and
equipment 1s provided for flight by VFR, except when instrumented
lunar landing is being simulated. Although the function of this
vehicle 1s to simulate a lunar vehicle, compromises have been
made to provide flight safety on earth. In general, standard
helicopter practice has been followed when this has been consis-
tent with good lunar simulation.

B, ENCLOSURE

The pllot enclosure consists of a light tubular aluminum
framework over which sheet Mylar is stretched. This protects
the pllot from wind and provides a base on which to attach a
colored coating to simulate limited window area. The pilot uses
glasses of an opposlte color. By removing the glasses he has
full visibility. The enclosure is open at the top to provide
clearance for seat ejection.

Co DISPLAYS

The minimum displays consistent with flight safety and
hovering flight have been incorporated. These instruments are
shown in Figure VII-l., VTOL experience has indicated the need
for the basic flight instruments, altimeter, rate of climb
indicator, and pitch and roll attitude indicator. Although air
speed has no meaning in a true lunar vehicle, an alr speed
indicator is provided in this vehicle, to advise the pilot of his
approach to limiting air speed conditions. A drift indicator has
been incorporated because analog simulation results indicate that
this 1s a valuable aid in hovering. Although Jet engine instru-
ments will not be required on a lunar vehicle, they are provided
on this simulator as a convenlence in ground engine runup and as
a warning to the pllot of impending trouble which might initiate
an emergency landing procedure. These lnclude a Jet fuel level
indicator, engine rotor speed indicator, exhaust gas temperature
indicator, lube 01l pressure indicator, lube o0il temperature
indicator, jet thrust indicator, and fuel tank pressure indicator.
Rocket display consists of a warning of low peroxide level. As
a further convenience in ground and airborne check, a clock and
A.C, and D,C. volt meters are provided. Warning lights are
provided to indicate that the gimbal locks are locked, and that
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the jet engine has reached the maximum tilt angle allowed,
D, CONTROLS

conventional pitch and roll center stick and yaw pedals, These
are provided for one seat and move with the seat when changing
from a single seat to a dual seat configuration. This seat is
also equipped wlth throttles controlling the Jet engine and the
t rockets. The center stick, the pedals, and the throttles

electrically linked only. The attitude controls can be used in
elther a proportional or on-off mode, and can call for control
acceleration, adjustable from one radian per second?2 down to

-05 rad/sec2, The rocket throttle gradient is adjustable with
a detent calling for zero 11ft at one end and full throttle at
the other end. The Jet throttle control Provides a manual over-
ride on the automatic throttile programmer,
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VIII. ELECTRICAL SYSTEM AND ENGINE STARTER

A, SYSTEM SELECTION

Three baslc systems were investigated to determine their
sultabllity as power systems for the lunar landing simulator.
These are: (1) D.C. starter/generator system, (2) A.C. starter/
generator system, and (3) air impingement starter/A.C. generator
system,

The alr impingement starter, A.C. generator system was
selected because it is less costly than the A.C. starter/genera-
tor system, and provides a lower weight system than the D.C,
starter/generator system.

l, D.C. Starter/Generator System

This system consists of a 28 volt D.C. - 200 amp D.C.
starter motor/generator, a D.C./A.C. inverter, and associated
controls and power distribution. The D.C. starter motor operates
as a 28 volt D.C. generator when the engine is up to idle speed.
A static D.C./A.C. inverter supplies 3 @ 115 volt 400 ~ with a
frequency regulation of 11%. The weight breakdown for this
system 1s:

starter generator G.E. 2CM63 41 pounds

D.C./A.C. inverter (3KVA) 95
control and distribution 15
151 pounds

The greatest weight penalty is for the conversion of D.C., to A.C.
(3KVA - static). If the vehicle payload could utilize 28 volt
DeC., this inverter would be elimlnated and the D.C, starter/
generator system would be recommended as first cholce.

The vehicle flight control system requires approximately
200VA of 400 ~» power, which can be supplied by a 10 pound static
inverter.

2. A.C. Starter/Generator

An A.C. starting A.C. generator system was also considered.

This included the induction start synchronous generator, and the
induction start induction generator.
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The induction start synchronous generator requires a
squirrel cage winding on the rotor to develop a starting torque,
In addition, the field winding must be protected from high
induced voltages durlng start, by closing the field clrcuit
through a resistor. These complexities, plus a sequenced voltage
starting control, were weighed agalnst the problems of an impinge-
ment start. Air impingement start was found to be much simpler
to implement.

The induction generation has the advantage of providing
good motor characteristics, since it operates as an induction
motor, but has a dual dlsadvantage when running above synchronous
speed (as a generator). These disadvantages include a requirement
to take lagging current from the line and the incapability to
supply lagging current to the utilization equipment. Thus, the
induction generator system was discarded in favor of the synchro-
nous generator,

Manufacturers contacted indicated that an A.C. starter/
generator is not avallable as a standard item. Development cost
would be considerably in excess of the price of a D,C. machine,

3. Alr Impingement - A.,C. Generator

This system consists of a turbine air impingement start
duct, A.C. generator, 3 ¢ rectifier, assoclated controls and
power distribution. A ground alr compressor supplies the air
required for starting the engine (100 pounds/minute at 43 psia
at 360°F).

The A.C. generator is an 8-pole synchronous generator
which can supply 400~ 3 ¢ power at 6000 RPM. 1In order to obtain
a qualified unit, a number of vendors were contacted. A SKVA
Leland AGE 41-2 generator with built-in regulator was selected
since it 1s avallable as an "off the shelf" unit. Leland has
produced these units for the French Dassault fighters, The line
to neutral voltage 1s adjustable between 115 — 125 volt A.C. and
the regulation is 5 volt at 6000 RPM, It is expected that the
nominal speed will be 6500 RPM, which corresponds to 434~ ,

This will be the accessory pad operating speed during most of the
flight; however, speeds down to 6000 RPM (400~ ) at the end of
the flight, and speeds up to 71,000 (474~.) at liftoff will be
encountered also. This variation offrequency (434 x10%) will not
adversely affect the operation of the basic vehicle systems and
1s expected to be acceptable for most flight research equlpment.
If closer frequency tolerance is required, an A.C./D.C. inverter
1s recommended. Frequency tolerance of 1% or better is avallable
in static inverters with ratings up to 3KVA. The 3 ¢ rectifier
selected is a rotary transformer solid state rectifier type as
made by Westinghouse., This unit utilizes a 3-phase wound rotor
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induction motor which acts as a fan and transformer. The unit 1s
capable of delivering 35A at 28 volt D.C. The 35A capabillty
allows for possible additlon of up to 500VA D.C./A.C. constant
frequency (400~ +1%) conversion equipment, if required during
the flight test program.

The 3 @ rectifier is an "off the shelf" unit 4" diam-
eter x 7.5" long, and weighs approximately 7 pounds.

The weight breakdown for thils gsystem 1is:

SKVA (generator regulator) Leland AGE 41-2 32 pounds

3 ¢ rotary rectifier (Westinghouse) 7
Distribution and controls 15
54 pounds

A schematic of the system is shown in Figure VIII-l. The
3 ¢ power 1is connected to three separate busses through an Int-
Ext relay. The three line busses provide flexibility in connect-
ing individual line to neutral loads (115 to 120 volt A.C.).
Int-Ext control allows complete checkout of the simulator equlp-
ment from an A.C. ground power source.

The 3 ¢ transformer rectifler provides 28 volt D.C. with
less than 15% ripple. The internal D.C., system is not switched,
but is parallelled with the external D.C. power. Thils eliminates
the problem of control relay chatter or sequence interruptlon.
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IX. RELIABILITY AND SAFETY

A, JET IMPINGEMENT EFFECTS

Three principal phenomena can be caused by ground proximity
a?d the impingement of the ground of englne exhaust. The three
effects are:

1. Ingestion into the englne of air mixed with exhaust
products, leading to reduction of thrust.

2. Generatlon of aerodynamic forces between structure and
alr entralned by the deflected exhaust.

3. Erosion or damage to the ground surface wlth ensulng
formation of debris.

Bell Aerosystems Company has conducted extenslve tests on
Jet impingement phenomena., These tests include experiments with
the first jet VIOL air test vehicle (now in the Smithsonian
Institute, Washington), with the X-14 VTOL airplane, now operated
by NASA, and with a 1/10-scale model of an eight-engine VTOL
fighter., The latter model reproduces the effects of two J85
afterburning engines on each wing tip and of two pairs of non-
afterburning J85 engines in the fuselage. The three previously
listed phenomena were studled and the results are directly
applicable to the problems of the Lunar Landing Simulator. More
severe conditions were created by the engines of the scale test
than are imposed by the Lunar Landing Vehicle's supporting Jet.

Bell's experience showed that all the effects of Jet impinge-
ment are influenced by the distance between exhaust nozzle and
ground, by the quality of the ground surface, the temperature and
kinetlic energy of the jet at ground level, and by time. Steady
state conditions may be expected to develop within seconds during
hovering or slow displacement of the vehicle, with the possible
exception of the formation of debris or of a dust cloud in cases
that such could develop (see Section 3).

The exhaust of the CF700-2B aft turbofan engine used in the
Lunar Landing Simulator consists of two parts: a hot inner Jet
and a much colder outer jet. The welght flow rate in the outer,
cold Jjet is two times that of the primary alrflow through the
engine, The Jet impingement phenomena are most pronounced at
takeoff (or touchdown). The distance between ground and exit
plane of the simulator's annular Jet 1s four times the OD of thils
Jet. At this distance the veloclty in the composite Jet decreases
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from an axial maximum of 1543 fps to 100 fps at a radius of 2
feet, the temperature from its axial maximum of 1190° to 200°F
at 2 feet radius and to 150°F at a radius of 7 feet - all the
values predicted by the engine manufacturer in an undeflected
free Jjet. The intake of the engine 1s 6.65 annulus diameters
above ground,

l. Ingestion of Alr Mixed With Exhaust

Ingestion of exhaust-polluted air into the englne is
not consldered to cause any problem. This statement is based on
a phase of Bell's experiments with the previously mentioned 1/10—
scale model. In those experiments, the afterburning wing tip
engines were operated alone and in vertlcal position. The
fuselage englines were shut off. The configuration resembled that
of the simulator. The operating engines were approximately 35
exlt dliameters apart, wlth thelr exhaust 2 dlameters above ground.
The temperature excess of the afterburning jets (at ground) was
approximately 2900°F, the temperature increase of the intake air
of the order of 10°F. The Lunar Landing Simulator's englne
exhaust nowhere exceeds 1190°F, Consequently, the intake temper-
ature will be increased by less than three degrees and the
ingestion loss negllglble, of the order of 25 pounds thrust, if
the mean temperature excess of the fan engine's exhaust is
assumed to be 500°F at 4 diameters and the intake temperature rise
1s set proportional to the temperature excess at impingement.
Th;otemperature coefficient of the thrust 1s approximately 10
1v/°F, .

2. The Ground Effect

Since the alr entrained by the engine's exhaust will have
a low veloclity and willl meet very little resistance from the
simulator's largely open framework structure, it 1s not expected
to cause significant adverse or helpful ground effect,

The englne exhaust and induced flows are considerably
decelerated by the time these arrive in the neighborhood of the
reaction jets, The exlt veloclty of the latter is several orders
higher than these, No significant deflectlion of the reaction
control jets 1s anticipated.

3. Debrls Formation

No debris will be formed by the Lunar Landing Simulator's
engine~-exhaust when operated above a hard surface. Bell operated
both the VTOL air-test vehicle and the X-14 over conventional
runway surfaces without causing any damage. The exhaust nozzles
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of these airplanes came as close to the ground as 1-1/2 exit
diameters. The exhaust temperatures were comparable to that of
the simulator engine's hot core. At 1-1/2 dlameters from the
exit, the mean dynamic head was 650 psf 1in one of the X-1li4ts jets.
At four annulus diameters away from the simulator's engine-exit,
the dynamic heads are: 900 fps on the axis, 300 psf at a radlus
of 1 foot and 9 psf at a radius of 2 feet. The mean value within
the area of 2 feet radius is of the order of 110 psf, well below
that of the X-14t's exhaust.,

Conditions could change considerably if the simulator
were to operate over unprotected ground. R. Kuhn, NASA TN D-56,
describes experiments relating to erosion and debris formation due
to jet impingement on surfaces ranging from dry sand to sod.
The mean dynamic head at nozzle exit 1s his reference quantity.
It 1s evident from this work that dry sand and loose dirt wlll be
greatly disturbed by the simulator exhaust Jet; only the order of
10 psf dynamic head was required to initiate disturbances on such
surfaces. Wet sand or wet loose dirt also will be disturbed, but
on a lesser scale, since about 100 psf mean head was required to
creat a disturbance on these surfaces., On the other hand, wet or
dry sod required the order of 1000 psf dynamic head to produce a
disturbance; thus, operation over sod without significant debrls
formation appears feasible.

In summary, operation over conventlonal hardened surfaces
and even over sod without significant surface damage or debris
formation is feasible, Operation over unprotected loose solls
can be expected to result in significant alrborne debrils formation
and is not recommended.

B. RELIABILITY ANALYSIS

l, Objectives

The principal objective during the course of this study
was to ensure that reliability and safety factors were appropriately
considered along with other system factors, as trade-~off studies
were made, and design concepts and approaches were selected for
the vehicle design. This will provide optimal assurance that in
any follow-on development, design, production, and operational
usage of the vehicle, adequate system reliability and crew safety
can be provided at minimal cost.

2. Vehicle Reliability and Crew Safety

The reliability evaluation of the lunar landing simulator
covers the following three major factors:
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(a) Probability that the vehicle will accomplish the
specified mission successfully.

(b) Probability that the vehicle will be returned
safely to the ground, once committed to flight.

(¢) Crew safety.

The preliminary reliabllity analysis of the proposed
vehicle 1s based upon the present mission requlrements, the
design of the vehlcle, and the operational requirements of each
vehicle system obtalned from the results of the current study.

As the vehicle and/or mission requirements are definitized during
the course of a follow-on vehicle fabrication and test program,
the analysls can be modifled, augmented, and refined.

For purposes of this analyslis, the mlssion requlrements
of the lunar landing simulator are considered to consist of a
total mission time of 10 minutes. This includes vehicle lift-off
to specified altitude, simulated lunar maneuvers at altitude,
and vehicle descent to ground.

The low estimated component fallure rates for most of the
vehicle systems are based upon experience with these systems in
actual operational use, such as the Bell-produced reaction control
systems for Mercury, Centaur, X-15, and Agena, and the General
Electric J85 engine.

The prelimlnary reliability estimates of the proposed
vehicﬁiliystems with component fallure rates are presented in
Table 1X-1.

3. System Reliability Analysls

The probability that the vehlcle wlll accomplish the
speclified mlssion requires that all vehicle systems (except crew
safety provisions) must operate successfully.

The total fallure rate of the vehlcle systems operating

in automatic, fly-by-wire, or manual mode for one 10 mlnute
mission 1s shown in Table IX-l and detalled in Table IX-2,
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TABLE IX-1
Estimated Fallure Rate -
System Fallures/100 Missions
A Main Propulsion and Engine 6089
Attitude Control*
B Reaction Control and Lift 714
Rockets™* '
C Electric Power 1400
1D Vehlcle Structure 700
8903

* The failure rate of the autopilot system is included in
these systems as indicated in Table IX-2, Items A.1 and C.1.
The reaction control system includes the redundant
automatic and manual mode of operation.

Therefore% the estimated mission reliablillity of the vehicle is
R = 99,11%.
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In addition to the redundancies incorporated in the
design of the varlious vehlcle systems, provisions have been added
for locking the englne gimbal in the vertical position with
respect to the vehicle. In case of fallure of the electrical or
autopilot systems, the vehicle can be safely returned to the
ground by locking the engine gimbal and using the reaction control
system (automatic or manual mode) for stabilization. Also, the
1ift rockets are not required for safe descent of the vehicle.
Therefore, the total system fallure rate for returning the vehicle
gafely to the ground, once committed to flight, 1s shown in Table

X=-3,

TABLE IX-3

Estimated Fallure Rate

System Failures/106 Missions
Main Propulsion 2325
B Engine Stabillzation and 0.21
Gimbal Lock (redundant)
c Reaction Control (auto- 314
matic or manual mode)
D Vehicle Structure 700
Total 3339

and the6g;11ability of the vehlcle for safe descent to ground is:
R = 99. .

L, Crew Safety Analysis

Another factor of considerable importance in the evalua-
tlon of the lunar landing simulator is crew safety. Crew safety

1s defined as the abllity of the system to return the crew uninjured

once the misslon has been initlated.

From this definition, the dependence of crew safety on
system reliability is immediately evident. A 99.66% reliable
system as determined from the reliabllity analysis of the vehicle
implies that 9966 times out of 10,000, the crew will be returned
uninjured, through successful return of the vehicle to the ground,
Thirty-nine times out of 10,000, it will be necessary to return
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the crew by some auxillary means. The basic system reliability
99.66% and the probabllity of fallure associated with this value
0.33 immediately establish the need for an auxiliary means to
return the crew uninjured. This value further specifies the
frequency of use of this auxiliary means at 0.33%, a value equal
to the system "unreliability"., The auxiliary means of compensa-
ting for fallures of the vehlcle consists of an ejJection seat for
pllot escape. The mathematlcal expression which defines crew
safety 1s: R=1-Q x Q@

where Q probability of a vehicle system
malfunction requiring the use of

safety provisions.

probabiliﬁy of fallure of the
safety provisions used.

The product of Q; and Q, 1s, therefore, the frequency of occur-
rence of all possible hazards to the crew. Since the system
resulting in the number Q, does not operate during a successful
mission, 1t 1is not a part of the basic vehicle reliability
(99.66%). It is, however, of critical importance, as crew safety
always take precedence over mlssion reliability requirements
where a conflict exists.,

The total fallure rate of the crew escape provisions
from Table I is Qo = 810/106 missions, Therefore, crew safety
is Rg = 1 - (3339 x 10-6) (810 x 10-06) = 0.999997 corresponding
to a crew hazard of approximately 3 per million missions.

C. VEHICLE RECOVERY SYSTEMS

In the event of catastrophic fallure of the vehicle, pilot
safety 1s provided by a zero altitude zero veloclty ejection
seat. However, i1t would be desirable to save the vehicle also,
if possible. In order for the vehlcle to accomplish an emergency
landing under its own power, minimum requirements are that the
stabllization and Jet engine systems be operating. Redundancy
has been provided for vehicle and Jet engine stabllization.
However, the single englne vehicle presented in this report is
in the same class with the French Flying Atar, the British
"Flying Bedstead", the Ryan X-13, and the Bell X-14, 1In all of
these, loss of an engine will result in loss of the vehicle,
This 1s characteristic also of the helicopter which, with no
forward velocity, 1s too low for an autorotation recovery below
200 feet. Although sufficlient precedent has been established
for flying a vehlcle which must depend on continued englne
operation, it would be desirable to save this vehlcle after
failure of its englne if the equlipment requlred to accomplish
recovery was not so heavy as to compromlise the usefulness of the
vehicle,
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Various methods were investigated for accomplishing vehicle
reccvery both with and without pllot control. In order to
compare the methods, all were based on recovery from 2000 ft
altitude and were based on a vehicle weight without the recovery
system of 2850 pounds. The weight estimated for each recovery
system does not include the growth factor which might be required
in the basic vehicle to accommodate the weight of the recovery
system. Thus, the total welght penalty for each system will be
greater than that indicated, although the weights shown are
usable for comparison purpose,

1. Parachutes (Figure IX-1)

In this system, two 130 ft diameter parachutes would be
mortar deployed to lower the vehicle to the ground with a terminal
veloclity of 10.8 ft/sec. The landing gear has been designed for
an impact velocity of 10 ft/sec. With this system the pilot
could ride the vehlcle down or could eject prior to deployment of
the chutes, However, once the pilot elected to stay with the
vehlcle, he could not eject unless he also Jettisoned the vehicle
chutes, with subsequent loss of the vehicle,

Calculations are based on data from United States Air
Force Parachute Handbook, WADC Technical Report 55-265, ASTIA
No. AD 118036,

Terminal Velocity:
= 32.7 r"‘
\ =5~ W

v = 2.1 ’ 2850 + 900 _ 14,8 f£t/sec
130 2

Welight:
2 = 130 ft diameter chutes of 1.6 0z nylon 830 1bs
2 = mortars 10
2 - containers 60
900 1bs
Center of Gravity Shift:
3.8 inches upward
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Figure IX-1. Parachute Vehicle Recovery System
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2. Flexible Wing (Figure IX-2)

The flexible wing would be stowed in a contalner, aft
of the operator, along with a container of gas at 3000 psi for
inflating the keel and leading edges of the wing and a mortar to
eJect the wing. Shroud lines attached to the simulator structure
would position the wing. For a sink rate of 13 ft/sec a wing
area of 2800 f£t2 would be required., With this configuration, the
pllot must stay with the vehlcle in order to control the descent
and accomplish a flare at touchdown. Although such systems have
been flown successfully, the development of a successful unfurling
technlque represents a large development problem. In addition,
the touchdown forward velocity might be great enough to cause the
vehicle to tlp over on contact with the ground. This system is
considered impractical for this application.

delght:

1.5 oz kylar coated nylon 52 lbs

Stowage box, supports, shroud lines, etec. 38

Gas and contalner 35
Mortar and control 5
130 1bs

Center of Gravity Shift:

.87 inches upward

3. Rocket Driven Rotor Blades (Figure IX-3)

Rotor blades of 36 ft diameter, driven by solid propellant
rockets at the tips would be required for a 10 ft/sec landing of
the vehicle. With this system, the pllot may elect to eject or
stay with the vehlcle. However, 1f he elects to stay with the
vehlcle, once the rotor is turning, he cannot change his decision.

Welght:
Rotor blades - 2 at 100 1lbs each 200 1lbs
Solid prop. rocket motors - 2 at 15 1lbs each 30
Upper structure support - tubing 100
- hub and bearings 50
380 1bs
Report No. 7161-950001 193
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Center of Gravity Shift:

11.2 inches upward

The weight of this conflguration, the large shift in center of
gravity which 1t causes, and the high drag which it will impose
on the vehicle all dictate against incorporation of the rotor
blade recovery system.

4, Multiple Jet Engines

Vehlicle reliability could be enhanced by a multi-engine
configuration. In a two-engine configuration, the thrust vector
from each englne operating alone must pass through the vehicle
center of gravlty, accomplished by mounting the Jet englnes at
an angle from the vertical or mounting the engines horizontally
opposed into a common thrust diverter. Either configuration
results in a much larger, heavier vehicle requiring higher thrust
englnes. An alternate would be a four-englne cluster around the
center of gravity with the englnes operating in pairs. Either
palr would have a resultant vector through the center of gravity
capable of 1lifting the vehicle,

The multi-engine configuration was rejected because it
departs too far from the concept of an early availability low
cost vehicle, Therefore, no configuration drawing was made for
thls concept. However, the concept has been considered for a
future larger three-man vehicle.

5. Lift Rockets

Since rocket englnes present a very favorable thrust

to welght ratio, propellant load was calculated for a recovery
system based on the employment of two rocket engines mounted on
the vehicle airframe. The assumption is made that descent from
2000 £t and landing can be accomplished in 60 seconds. Rocket
hardware is calculated to weigh 70 pounds. For liquid bipropel-
lants with a specific impulse of 240 seconds, 860 pounds of
propellant would be required. For hydrogen-peroxide with a
specific impulse of 120 seconds, 2000 pounds of propellant would
be required. Since these welghts are prohibitive, no layout was
made of this configuration,

With thlis concept, the pllot must stay with the vehlcle
to control the landing rockets.
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6. Rockets plus Parachute, Manual Control (Figure IX-4)

The vehlcle is lowered with a 55 £t diameter parachute
at a terminal veloclty of 33,4 ft/sec., This veloclty is reduced
to zero at touchdown by employing two throttleable 3000 pound
peroxlde retro rockets controlled by the pilot. One second of
full thrust of these rockets is sufficient. However, in order to
eliminate critical timing of the initiation of the retro rocket,
propellant has been provided for 2-1/2 seconds burning time.

This 1s also suffilclent to save the vehicle in a free fall from
200 f£t, the altitude below which the chute could not be deployed
in time., Thls system has the advantage that the equipment can be
located to cause minimum shift of vehlcle center of gravity. The
pllot must remain with the wvehicle to control the retro rockets.

Terminal Velocity:
= 32.1 |
N = W

V = %I J 2850 + 304 = 33.4 ft/sec

Welght:
2 = 3000 thrust chambers at 35 1lbs 70 1bs
2 - valves at 6 1lbs 12
Mounts, throttle control, plumbing 20
Hy0o tank 1z
HoOo 117
No -2
236 1bs
55 £t diameter chute 53
Chute container, supports, anchor fittings, 10
ete,
Mortar and control 5
304 1bs
Center of Gravity Shift:
.4 inches upward
Report No. 7161-950001 197




55 Ft Dia Parachute

Deploying Mortar

C/L Gimbal Ring

N
A

N2 Container / /
78\

@ BELL AEROSYSTEMS COMPANY

4 Parachute Attach Fittings

L

]

2- 2850 Lb Retro-

Rockets

NG/
AN

Report No. 7161-953001

Parachute

/} |
oY%

//

Figure IX-4. Parachute and Retrorocket Vehicle Recovery System

%_/i” AN
? H909 (For Retro-

rockets)

Plan View

198



BELL AEROSYSTEMS COMPANY

DIVISION OF BELL AEROSPACE CORPORATION

7. Retro Rockets plus Parachute, Automatic Control

This concept 1s similar to that presented in the para-
graph above and shown in Figure IX-4, except that the peroxlde
rockets are replaced with solid propellant rockets. The solid
propellant rocket firing 1s initiated by means of an altitude
sensing trigger. A trade-off is possible between parachute welght
and retro rocket weilght. As parachute size 1s decreased, its
weight goes down and the weight of the retro rocket required
goes up., However, the compromlse cannot be based on welght alone,
but must consider the type of altitude trigger used. As para-
chute size decreases, sink rate increases and the retro rocket
must be fired at a higher altitude. If a mechanical type trigger
such as a bob welght 1s to be employed, this would limit the
altitude for firing a retro rocket to about 32 ft. However, if
a radar altimeter were employed, then recovery could be initiated
at any altitude., A second consideration involves a minimum
altltude from which successful chute deployment can be obtained.
If this minimum altitude is 200 ft, then the retro rocket must
be capable of absorbing the energy of a 200 ft drop. Retro
rocket thrust has been set at 3-g. Table IX<«4 shows the important
parameters for various chute sizes,

TABLE IX-4
Parachute diameter, ft 55 (28 | 24 | 18
Parachute weight, 1bs 58 118 | 15 | 11
Retro Rocket Weight, 1bs (T = 8700, 23 141 | 47 1 59
Isp = 240)
Trigger Welght, 1lbs 10 {10 10 10
System Weight, 1bs 91 |69 | 72 | 80
Terminal Velocity, ft/sec 32 [64 | 75 | 96
Rocket initiation altitude, ft 8132 | 44 | 72
Free fall recovery altitude, £t 24 196 |132 (216

It can be seen that the welght penalty is not prohibitive
with this arrangement. In addition, the system is fully automatic
and can be effective whether the pilot stays with the vehicle or
not. However, it does depend on the development of a successful
retro rocket trigger mechanism. It is recommended that this system
be considered for further work and incorporation in the vehicle
when a successful trigger mechanism 1s perfected. Since the
components of thls system can be mounted in almost any location
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on the vehicle, the baslc vehicle design need not be compromised
and the balance of the vehicle will not be materially affected.

Table 1X-5 presents a summary of the seven vehlcle
recovery systems consldered., None have been incorporated in the
vehlcle deslgn presented because of the high reliability estimated
for the CF-700-2B engine and the weight penalty involved. However,
System No. 7 merits further study to evaluate accurate altitude
senslng devices and to decrease welght.

TABLE IX-5

Welght | C.G. Travel

Recovery System (Lbs) (Inches) Remarks
1. Parachutes 900 3.8 With or without
pllot.
2. Flexible Wing 130 .87 Pilot control

required tip-over
at landing develop-
ment problem.

3. Rotor Blades 380 11.2 Pilot control
requlired high drag.
i Maltinle Jet Encine na na Tarcer vahirlie
hd SETAR Wl WV Ahaapeekate b - ——a OV e aEn e N
required.,
5. Lift Rockets 930 1.0 Pilot control
required.
6. Rocket and chute, 304 A Pilot control
manual | required.
T. Rocket and chute, 91 1.0 With or without
automatic plilot requires
development of alt.
sensor
Report No. 7161-950001 200
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X. AEROSPACE GROUND EQUIPMENT REQUIREMENTS

Flgure X-1 1llustrates the operational flow and activities anti-
clpated for the lunar landing vehicle program. The aerospace ground
equipment proposed for support of this program is based upon this
flow sequence and consists of the following items:

A. TESTING, MEASURING AND ADJUSTING

1. Electronic Multimeter (GFE)

A standard laboratory quallty volt-ohmeter such as the Hewlett-
Packard Type HP-410B. This meter is considered adequate for monitoring
of the flight control system, for polarity checks, static sensitivity
checks, static gain checks, and system frequency response indications.
Accessible test polnts and connecting leads will be provided for adapt-
ing this unit to the vehicle systems.

2. EJection Seat Test Set (CFE)

This unlt will be procured from the seat manufacturer and used
to verify functional continuity of the ejection circuiltry.

B. HOISTING, JACKING, LIFTING AND WEIGHING

1. Engine Sling Set (CFE)

The Jet engine willl be installed and removed using standard
chain falls and a sling set. This sling will consist of braided steel
cables wlth spreader bars and fittings for attachment to the engine 1ift
eyes and to the chain fall hooks.

2. Vehlcle Sling Set (CFE)

A requirement exists for 1ifting of the complete lunar landing
vehlcle during assembly and test operations. A braided steel cable
and spreader yoke assembly will be deslgned to permit 1lifting the
vehicle wlth an overhead holst or crane.

3. Chain Falls (GFE)

Handllng of the simulator Jjet engine and other large components
wlll requilre standard manually operated chain falls (reference Item
B.1) of 3000 lbs capacity.
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FIGURE X-1

SYSTEM FLOW AND ACTIVITIES CHART
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L, Truck Mounted Crane (GFE)

Figure X-1 indicates that flying at a remote area may be
scheduled as a part of the program. Thus it becomes necessary to
remove and replace the vehicle legs while in the field. It may also
be necessary to retrieve the vehicle from an area remote to the base.
A standard truck mounted crane will answer this requirement. This
crane should have a boom extension and load capacity sufficlent to
permit 1lifting of the vehicle using the vehicle sling set (reference
Item B.2). Some commercially available cranes meeting this require-
ments are:

a, Insley Type K, Lorry Crane with a 40' boom having a
capacity of 3700 1lbs at thlis radius without outriggers.

b. P and H Model 255A-TC Truck Crane with a 40' boom having
a capacity of 4250 1bs at this radius without outriggers.

The Mobile Alrcraft Handlling Crane furnished by AFFTC for
the X-15 program might also be utilized.

5. Center of Gravity Fixture (CFE)

Measurement of the vehicle center of gravity and functional
testing of the HpOp propulsion system wlll require that a device be

provided which can support the vehlicle using 1ift pads on the Jjet
engine mount. Once in an elevated position, the vehicle attitude
can be observed and center of gravity corrections made as required.
Similarly, the Hs0, Jets can be activated and vehicle attitude noted

as qualitative indications of reaction control performance.

A tubular frame fixture having 11ft pads which mate with the
Jet engine mounting structure and sufficiently high to permit adaption

tc a standard forklift will meet this requirement. Elevatlion of
vehicle wlill be accompllished by alignment of this fixture beneath the
engine gimbal, emplacing a forklift truck in the fixture 11ft fittings

and elevating the entire assembly to the required height.
6. Forklift Truck (GFE)

A commercial type forklift truck having a capacity of 4000 1bs
and a vertical l1lifting range of six feet 1s required for use in deter-
mining the vehicle center of gravity and for HpOo system functional

testing (reference Item B.5).
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7. Weighing Kit (GFE)

A standard welghing kit type D-1 four load type or its
equivalent will be needed for weight measurements of the vehicle.

C. POWER GENERATING AND STARTING

1. Power Unit D.C. (GFE)

An external source of 28 volt D.C. electrical power will be
required for ground test and checkout of the vehicle. Units in
inventory which wlll meet this requirement are many and varied. They
include the MA-2 or the MD-3A multipurpose servicing units (self-
contained mobile) or the B-8 portable power supply, which requires a
220/440 volt 60~ 3 @ source of input power.

2. Power Unit 400 Cycle A.C. (GFE)

An external source of 400 cycle 3 @ electric power will be
required for ground test and checkout of the vehicle. The MA-2 or
MD-3A multipurpose servicing units noted in Item C.1 willl also deliver
the 400 cycle power required to meet this requirement.

3. Air Compressor (GFE)

An external source of compressed air and connecting hoses will
be required for starting the Jet engine. Air requirements consist of
100 1bs/min @ 43 psia at a temperature of 360°F. The type MA-1A, or
the type MC-1 (modifled) alr compressors will meet the performance
regulirements.

D. PROPELLANT SUPPLY

1. Gaseous Nitrogen Supply (GFE)

The vehlcle propellant system requires 2.37 cu ft of nitrogen
gas at a pressure of 3000 psig. Delivery of N, gas to the vehicle tank

can be accomplishéd using the type MD-1, MD-3, or other available
compressed gas cylinder trallers.

2. Hydrogen Peroxide Supply (GFE)

The rocket system has a tank capacity of 800 1bs (67 gallons)
of 90% hydrogen peroxide. It is recommended that the X-15 aircraft
servicing trailer (E5201) be employed. The X-15 trailer has suffi-
clent capacity (75 gallons), has an N, pressure transfer system and a
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supply of water for flushling and washdown. An alternate servicing
method 1s direct gravity transfer of HpOo from the shipping drums to

the vehlcle tanks. Drum handling devices and an HpO2 fillter would be
required to support this operation.

3. Adapter Hoses and Fittings (CFE)

These hoses and fittings are required to adapt the X-15
peroxide traller for servicing the vehicle rocket propulsion system.
The hoses will be of the flexible type constructed of a material which
1s compatible with 90% HoOp and sufflclently long to reach from ground

level to the vehlcle tank level. End fittings wlll be of the quick
disconnect variety to simplify the Hy0, servicing task.

4., Jp-4 Supply (GFE)

The vehicle Jet engine uses standard aircraft JP-4 fuel. The
JP-4 tank capacity 1s 500 1lbs (77 gallons). Filling of this tank can
be accomplished using a standard Jet alrcraft fuel servicing trailer

a
uch as the tvyne ™A t}rpe 'M'1'21l\=2 or +ha 'I":yrpe A=lB.

Viio J ¥ 4L\ o il jin vias v

5. Engine 0il Supply (GFE)

The Jet engine uses lwricating oil conforming to MIL-L-7808C.
Approximately four quarts are required to fill the tank. Standard
gallon containers of this o0ill poured directly into the engine tank
when needed will meet this requirement adequately.

6. Pilot's Air Supply (GFE)

The tank will require filling with compressed contaminate-
free breathing air at 2250 psi.

E. PROTECTIVE EQUIPMENT

1. Protective Cover(s) (CFE)

Cotton duck covers willl be provided for the pillot control
section and engine. These covers will serve to protect critical com-
ponents from the effects of environment during storage and transport.
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2. Protective Clothing (GFE)

Personnel involved in handling the hydrogen peroxlide pro-
pellant must wear protective clothing. In general, Grayolite suits,
hoods and rubber boots will be adequate for this purpose.

F. MAINTENANCE EQUIPMENT

1. Malntenance Platform(s) (GFE)

Accessibllity must be provided so that field personnel can
accomplish the various servicing and maintenance tasks required for
operation of the vehicle. Personnel maintenance platforms having a
working elevation of at least 16 feet wlll be needed. The type B-2
or B-3 adjustable aircraft maintenance platforms wilill meet this
requirement.

G. TRANSPORTING AND TOWING

Figure X-1 indicates that two major moves wlill be required in the
flight research program, first,from the contractor factory to Edwards
Air Force Base in California and secondly, from Edwards Alr Force Base
to the remote test area and return. The assembled vehicle is approxi-
mately 20 feet high by 21 feet wlde by 21 feet long. By removing the
four legs, the seat, the jet engine and portions of the pilot's pro-
tective structure, a package approximately 8 feet x 7 feet x 8 feet
can be realized. The removed legs will form four packages, each about
16.5 x 4 x 5.5 feet. These packages, as well as those containing the
Jet cugine and the pllot's seat, fall within the limitations listed
for nighway, rall and alr transportabllity in the 80.5 handbook. The
following items of equipment wlill be required to implement this basic
transportation scheme:

1. Center Body Transport Skid (CFE)

This skid wlill be designed to support the vehicle center body
structure and components during the major transporting events. It
wilill be fabricated from welded commercial steel channels and equlpped
wilth forklift, hoisting and tiedown fittings, and mounting pads which
mate with ceter body strong points.

2. EJection Seat Shipping Container (CFE)

3. Jet Engine Shipping Container (CFE)

It 1s planned that the contalners in which the seat and Jet
engine are shipped to Bell Aerosystems Company will be retained and
used without modification for additional transportation of these items.
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L. Low Bed Semitrailer (GFE)

5. Truck, Tractor (GFE)

Items No. 4 and 5 will be needed at Edwards Ailr Force Base
for movement of the vehicle subassemblies to and from the remote
test area. Semltrailers conforming to type XM-269 and tractors type
M48 or their equivalents can be used for this purpose.

6. _Vehicle Handling Casters (CFE)

During flight testlng, a means must be provided for short
distance movement of the vehicle. PFour, easlly removable castered
wheel assemblies willl be provided for thils purpose. These units
will consist of 360° full castering, hard rubber wheels having foot-
operated brakes and attach to the landing struts with easily operated
clamps. Attachment of these casters can be accomplished by relieving
the cylinder pressure on one strut at a time to a polnt where the
units can be clamped into place, then repressurizing the strut.

H

L

ERVICING EQUIPMENT

- ek Ry o e ki

1. Tool Kit (GFE)

Only standard tools will be required at Edwards Air Force
Base for support of the flight program. No special tools are re-
quired for assembly, test or checkout.

I. COMMUNICATIONS EQUIPMENT

1. Transmitting-Recelving Set (GFE)

Standard VHF communications equipment will be required. This
is avallable at the Edwards test site. Considerations must also be

given, however, to the communications requirements while at the remote
site.

J. MISCELLANEOUS

1. Jet Impingement Plate (CFE)

During takeoff, the vehlcle Jjet engine will produce a temper-
ature of approximately 960O at ground level. Prolonged operation at
this temperature will damage and cause spalling and melting of concrete
or asphalt aprons and runways. A Jet impingement plate will be pro-
vided for use during captive portions of the vehicle program wherein
extended ground operations over hard surfaces are anticipated. This
plate will be attached to the surface of the runway or apron and be
sufficiently large to cover the Jet impingement area. A .250" thick
aluminum plate six feet square would fulfill this requirement.
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XI., WIND TUNNEL AND FLIGHT RESEARCH FACILITY REQUIREMENTS

A, WIND TUNNEL PROGRAM

Drag and drag moments have been calculated by analytical methods
described in Section IV of this report. Because of the simplifying
assumptlons required in the analysis of this truss type construction,
i1t 1s recommended that more accurate data be obtained by wind tunnel
testing.

It should be noted on the schedule (Figure XII-1) that test data
will not be avallable in time to change the basic airframe configuration.
However, the data wlll be useful for making final design adjustments of
the configuration, for completing control system studies, and willl form
the basis for calculating final vehilcle performance, flight trajectory
data and performance limits.

l

It is recommended that wind tunnel tests be conduc owered
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model of approximately 1/5 scale in the NASA Langley 300 mph 7 x 10
foot wind tunnel. The model will be tested at full-scale Reynold's
number while the engine mass flow parameter l1s simulated, provided it
1s possible to obtain sufficient simulated engine mass flow to corres-
pond to the high velocity required for full-scale Reynold's number.

It will be necessary to measure both the simulated propulsion system
forces and moments and the aerodynamic loads on the model airframe,
because the full-scale propulsion system will be gimbal-mounted to the
airframe with its own stabilizing system. It will be necessary to
instrument the model propulsion system supports to determine the pro-
pulsion system forces and moments so they can be subtracted from the
total forces and moments measured by the tunnel balance. -

Measurements in all six degrees of freedom will be obtained from
the tunnel balance. Tests should be made through an angle-of-attack.
range of -180 to +180 degrees, if possible, and through a sidestep
range of 45 degrees. To obtain full-scale maximum Reynold's number
will require testing at approximately 240 miles per hour. The pro-
pulsion system will be designed so that 1t can be positloned with
respect to the airframe in varying attltudes up to 45 degrees from
the airframeaxis. The propulsion system mass flow wlll be simulated
by an air-driven fan or electric-motor powered propeller. The turbo-
Jet inlet and aft fan inlet will be simulated, and the proportion of
alr flow through each will be determined by proper sizing of the
turbojet and aft fan ducts.
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B. FLIGHT RESEARCH FACILITY AND PERSONNEL

The major portion of this report has delineated the requirements
and established the feasibillity and characteristics of a free flight
vehicle which can simulate lunar landing on earth. The analysis has
established the need and the practicality of producing such a vehicle
in the immediate future. However, for the vehicle to be a practical
research tool, supporting facilities and personnel must be available.
This section will briefly outline the facilities and personnel recom-
mended for optimum utilizatlion of this vehicle,

The vehicle should be flown at a test site that gives the best
visual simulation of the lunar environment. Some of the visual
factors desirable are high brightness, glare, and contrast, and a
light colored surface devoild of vegetation. 1In addition, the atmo-
sphere should be clear, with long distance visibility. The area should
have a high percentage of cloudless days. These conditions will give
a good approximatlon of the visual environment expected near the lunar
surface.

Other sectlons of thils report list specific items of support equip-
ment required to handle and service the free flight lunar landing
simulator. However, additlonal general supporting services are re-
quired to obtain maximum usefulness from the vehicle,

Standard air base facilities for vehicle storage and handling are
requlred. This includes hangar space with overhead door clearance of
20 ft. Also required are standard forklifts, cranes, tugs, and flat bed
trailers, wlith personnel to operate them.

Facllitles and personnel are required for servicing the vehicle with
hydrogen peroxide and jet fuel. Facilities for servicing the X-15 and
personnel trained in the use of hydrogen peroxide are adequate for the
lunar landing vehicle. Standard jet aircraft fuel servicing equipment
1s suitable. In addition, personnel experienced in jet engine mainten-
ance should be available.

To obtain research data, ground tracking equipment is required to
provide vehicle trajectory data. Telemetry 1s required to collect
vehlicle data for both research and flight safety. It wlill also be
deslrable to obtaln data on operator motor performance through the use
of bloastronautic instrument packages. Data processing equipment should
be available in order to make rapid use of information collected in
slmulated missions. VHF alrcraft radio facillitlies will be required for
communication from ground monitoring and control stations, and tracking
stations to the vehicle.
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Experienced test pllots should be available at the facility using
this vehicle. Analog computer facilities are required for preflight
training of these pilots, and to test trajectorles and control
methods prior to using them in flight. Helicopters and helicopter
pllots are desirable to fly chase for flight safety and to obtailn in-
flight photographic coverage.
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The time required from receipt of order to delivery of one flight
research test vehlcle was estimated using Program Evaluation Review
Technlques (PERT). The PERT chart will be found in the envelope in-
side the back cover of this report. Elapsed time between events was
established by the groups which will accomplish the work. Lead time
on vendor items was obtailned from the vendors. These time estimates
were entered in the PERT IBM program and the longest or most critical
path determined. This path is shown by the heavy arrows on the PERT
diagram. As shown, the vehicle will be out of the shop, ready for
initial flight test in ten months, and available for delivery to the
customer in 11-1/2 months.

The program plan shown in Figure XII-1 is constructed from the
PERT analysis. The longest path leads through the development of
the hydrogen peroxide 1ift rocket and attitude control system. This
path 1s 2-1/2 weeks longer than the next most critical path., If this
path were shortened by 2-1/2 weeks, three other paths then become
critical. The first of these is caused by Jet englne delivery time,
eight months belng quoted by General Electrlic Company. The present
schedule 1s made possible by building the vehicle with a mockup engine.
The actual engine will be installed after the start of composite
systems testing as indicated in Figure XII-1. The next critical path
i1s the electronic flight control system, and the next the time required
for the landing gear shock absorber to be designed, fabricated and
tested by the vendor.

This schedule is believed to be realistic and can be met, based
on the following:

1. It is assumed that the
e shed in

m dea{ o nu+ab

sié¢ sub-
. TrSt U-l.bhl..ld o v 11 ‘ eda X
2. Contractor flight testing will be limited to a demonstration
of the controllability and maneuverability of the vehicle for a rea-

sonable spectrum of speeds and altitudes.

3. This schedule is based on a 40-hour week, one shift operation.
The total program time can be shortened by an extended work week on
the part of the prime contractor. In this case, however, vendor
schedules must also be reduced accordingly.
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Figure XII-2 shows the avallablllity and research use of the
free flight lunar landing flight research vehicle in relation to the
Apollo program. The Apollo major milestones were obtained from the
NASA Project Apollo Statement of Work, dated December 18, 1961,
Part 1, Figure 1. Since the manned control center, controls, dis-
plays, and attitude controls which will be used in a lunar landing
are located in the command and service modules, these designs must
be defined before the lunar landing module has to be committed to
production. It i1s urgent, therefore, that flight research be
accomplished at an early date. Figure XII-2 indicates the urgency
of starting the research program in time for 1ts results to be in-
corporated in the Apollo design.
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XIII. COST ANALYSIS

The cost to design, manufacture, and test a one-man
vehicle, as presented in Figure III-1 is estimated as follows:

Vehicle:

Engineering $690, 000
Manufacture 550,000
Component and System Test 420,000
Jet Engine 150,000
Contractor Flight Test 136, 000

$1,946,000'
Wind Tunnel Program 54,000
Ground Support Equipment 38,000
Handbooks and Field Support 34,000

Fifty-~hour Airworthiness Test
on Jet Englne, Vertical
Operation ’ 140,000

This estimate is based on 1962 prices, using a maximum
of already developed hardware, as discussed in other sections of
thils report. :
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XIV, FUTURE GROWTH

A. BIPROPELLANT ROCKET SYSTEM

A hydrogen peroxide 11ft rocket and attitude control system has
been selected because 1t can meet the vehicle requirements at lower
cost and wilth earlier delivery than can a bipropellant system.
However, bipropellant systems are under development for space appli-
cations, which can be adapted for this vehicle. A discussion of a
bipropellant system is given in Section VI-E of this report.

The blpropellant system can replace the peroxide system and re-
sult in a substantial welght saving. This can be used to increase
payload, or to increase operating time of the 1ift rockets, so as
simulate several lunar landings between refuelings.

B, ACCESSORIES FOR ADDITIONAL RESEARCH

The vehicle dns‘lon presented in this report Atridea 8 mayxiymim

r\'h
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of flight research versatility consistent with minimum vehlcle weight,
cost, and delivery time. An effort has been made to incorporate in
the basic vehicle structure the capability to perform as many as
possible of the research tasks which can be anticipated at the present
time. It has been necessary to eliminate some capablility to save
weight. However, these tasks and missions can be accomplished by
simple modifications to the basic vehicle. The additional tasks might
be accomplished by fileld modification kits desecribed in the following:

1. Adjustable Leg Angle

The angle which the legs make with the vertical has been
selected to give a vehicle tipover angle adequate for a safe landing
on earth. However, in the future, it may be desirable to experiment
with landing gear configurations which provide increased or decreased
tipover stability. A modification kit would provide four new legs
capable of angular adjustment with respect to the alrframe. These
legs would be i1dentical to the present legs except that the upper
sectlon of the outer longeron would be of adjustable length and pin
connected at both ends. AdJustable fittings attaching the shock
absorbers to the legs would compensate for the change in angle when
the landing legs are adjusted.

2. Three-Legged Conflguration

The proposed vehicle 1s equipped with four legs because this
results in minimum weight, and provides a convenlent mounting point
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for reaction controls., However, it may be desired to compare four-
legged configurations with three-legged configurations. This can be
accomplished by a field installed leg adapter ring. The four legs

are removed from the vehlcle, and the adapter ring attached to the
present leg attachment polnts. Three of the present leégs are then
attached to the adapter ring. The adapter ring includes outriggers

on which the present reaction controls would be mounted, so that the
same control system can be utilized with the three-legged conflguration.
This modification is shown 1n Figure XIV-1.

3. Gimballed Lift Rockets

Vehicle attitude control is accompllshed in the proposed
vehlicle by means of 16 fixed reaction jets. However, it may be
desirable to accomplish research on attitude control by means of
gimballed 1ift rockets. Thls can be accomplished by a field modifi-
catlon kit which involves remounting the present two 1ift rockets on
gimbals, The gimballed rockets would be mechanically linked to the
pitch, roll, and yaw pllot controls. Flexible peroxide lines would
be provided to the rockets.

4, Rocket for Lateral Translation

In the present vehicle, lateral translatlon 1s accomplished
by tilting the vehicle so that the 1ift rockets provide a horizontal
component of thrust. It may be desired to accomplish research on a
control system in which the vehlcle remalns vertical with lateral
translation accomplished by means of a fixed mounted horizontal
rccket. This would be accomplished by attanh*ng to the present vehlcle,
cne additional thrust chamber identical to those used as 1ift rockeis,
It would be mounted horizontally in the plane of the center of gravity,
facing rearward. It would be provided with a separate throttle control.
Peroxide would be supplied from the presently installed tanks, which
have reserve capaclty for 200 additional 1bs of peroxide.

g

5. Vehicle Leveling Device

The proposed vehlcle will rest at the same angle as the terrain
on which 1t lands. It may be desirable to accomplish research on a
landing system which allows the vehicle to remaln in a vertical position
in spite of landing on hilly or sloplng ground. This may be accom-
plished by replacing the present shock absorbers with a new combination
shock absorber/load leveling device. This consists of a long stroke
hydraullc piston and cylinder on each leg. The foéour cylinders are
manifolded to allow oll to flow between cylinders. As the legs con-
tact the ground, they will adjust themselves to uneven terrain until
the last leg touches down. At thils point, energy would be absorbed by
compression of a standard shock absorber connected to the hydraulic cir-
cult. After the vehicle has come to rest, valves to each cylinder would
be closed, thus hydraullcally locklng the levellng devices so as to hold
the vehicle in a vertical position, with all four legs firmly in contact
with the ground.
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Figure XIV-1. Three-Legged Configuration Adapter Kit
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XV, THREE-MAN LANDING VEHICLE SIMULATOR

The present study has concentrated on the investigation and
design of a small, one-man lunar landing simulator. This vehicle will
satisfy the early needs of NASA to conduct basic free flight research
and systems development testing of the problems assoclated with lunar
landing. Provision has been made in the one-man vehicle design to
substitute an additional man for other payload, so that early investi-
gation can be made of multicrew operations,

As the development of a lunar landing vehicle proceeds, however,
the need may exist for more extensive earth based free flight testing
wlth a larger crew,and utilizing more complete assemblies of actual
lunar flight systems and subsystems. A typlcal test which can be
envisioned would 1nvolve the use of a simulated Apollo Command Module.
Investigation could be made of crew position and function, ground
visibllity, displays and controls, and flight control systems. For
such tests, much larger payload capability would be required than can
presently be obtained with the single englne one-man vehlcle. Payloads

for a multimanned vehicle in the range of 3000 to 6000 1lbs are envisioned.

A prelimlnary design concept of such a vehicle has been developed.
Essentlally it 1s a scaled-up version of the one-man vehicle, employing
the same baslc design principles and features. In developing this
design, consideration was given to both single engine and multi-englne
configuratlions. Tentatively, the multi-engine configuration has been
selected because of greater payload resulting from the superior thrust
to weight ratio of the smaller engines, and increased safety since the
vehicle can be designed to have engine out capability.

The three-man landing vehicle simulator as shown in Figure XV-1 is
a multi-engine, four-legged open truss-work structure supporting an
Apollo spacecraft type capsule. Its overall dimensions are 25 ft by
25 ft and 39 ft high. With a propellant load permitting 20 minutes of
turbojet operation and 8 minuteés of main 1ift rocket operation, the
vehlcle gross welght 1s approximately 17,000 1lbs. Four basic units
comprise thls vehicle, a platform structure, landing legs (4), a gim-
balled engine mount, and the capsule.

Two aluminum alloy tubular rings 12 feet in diameter and separated
seven feet by tubular truss-work forms the all-welded platform structure.
Flttings on the upper ring secure the capsule to the vehlcle. ILanding
leg fittings are integral with both rings, and gimbal axle housings are
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provided dlametrically opposed in the lower ring. The gimbal ring
1s a steel tube containing four sets of gimbal bearings spaced
radially at 90°,

Each landing leg 1s fabricated by welding aluminum alloy tubilng
to form a tapered, triangular truss, Pin joint fittings are provided
at the upper ends of the three longerons of each leg for attachment
to the platform structure and to permit removal during shipment.
Landing shock struts are fastened to the lower extremity of each leg.

A tubular steel engine mount of welded construction contains two
gimbal axle housings diametrically opposed for attachment to the
gimbal ring. Eight General Electric SJ-132 turbojet englnes rated
at 3050 1lbs thrust at sea level on a standard day are supported
vertically in the mount. The englnes surround a cylindrical Jp-4
fuel tank which 1is also supported by the engine mount. Jet stabili-
zatlion autoplilot system components are also installed on this mount.

Two throttleable main 1ift rocket engines producing 1500 lbs (max)
of thrust each are mounted to the underside of the upper horizontal

atmid hatwann + +rrmn ArnmAacadine 1A

strut between the lower longerons on two opposing .Landing L85,
Sixteen reaction control rockets, clustered in sets of four, are
mounted on the lower end of each landing leg. HpoOp, propellant for

all the rocket systems is stored in four spherical tanks trunnion
mounted to the platform lower ring between the landing legs. Two high
pressure N, spheres for propellant tank pressurlzation are trunnion

mounted to the lower ring or the platform structure within two of the
landing leg trusses.

TAura»

The capsule 1s an off-loaded replica of the actual Apollo space-
craft., Life support systems, equipment, heat shields, etc., not re-
quired for the simulated flight are eliminated. Controls, instrumen-
tatlion and crew support equipment required for simulator operation

PP IR B I R D S S L P
al’c llsvalleu Lo uvie capsule,
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Figure XV-1. Three-Man Lunar Landing Simulator
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